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resumo 
 
 
Esta tese investiga a evolução morfodinâmica de duas áreas de estudo em 
contextos geográficos e hidrodinâmicos distintos, ambas sujeitas a atividades 
de dragagens e obras de engenharia: uma área offshore Vale do Lobo, 
Algarve, cujo litoral, seriamente afetado pela erosão costeira, foi sujeito nos 
últimos anos a alimentações artificiais de praia com recurso a manchas de 
empréstimo situadas ao largo; e a Barra de Aveiro e sua área adjacente, 
submetida a várias reconfigurações nas últimas décadas, e onde as atividades 
de dragagem para manutenção dos canais de navegação são recorrentes. 
Pretende-se com este trabalho uma melhor compreensão dos impactos das 
actividades de dragagem e obras de engenharia costeira na morfodinâmica 
local e estimar o tempo de recuperação de escavações no mar, o que é 
fundamental para a avaliação dos impactos associados.  
A investigação da evolução da escavação localizada ao largo de Vale do Lobo, 
Algarve, foi baseada em 4 levantamentos batimétricos, antes e depois das 
operações de dragagem (num intervalo de tempo de quatro anos 2006-2010), 
complementada com a análise da ondulação e simulações com recurso a 
modelos numéricos. Os resultados mostram um enchimento da escavação de 
aproximadamente 17% nos primeiros 4 anos, com uma suavização geral da 
topografia inicial da escavação. Observações combinadas com os resultados 
da modelação demonstram que a evolução da escavação está 
maioritariamente dependente dos eventos de tempestade, uma vez que é 
essencialmente durante esses períodos em que há movimento significativo de 
sedimento à profundidade de estudo. Com base no número de dias de 
tempestade previstos para os próximos anos, o período de recuperação da 
escavação é de ca. 38 anos para o seu total preenchimento. 
O estudo da evolução sedimentar e morfológica da Barra de Aveiro e da sua 
área adjacente foi baseado em dados batimétricos históricos (1936-1978) e 
recentes (2010-2013), complementados com a aquisição de dados de sonar de 
varrimento lateral e a colheita e análise de sedimentos de fundo. Os resultados 
indicam que a permanência e evolução do banco de areia são resultado de 
uma complexa interação de vários fatores: a deriva litoral, que parece 
representar a principal fonte sedimentar do banco; as correntes de jato, 
resultantes da interação entre a deriva litoral e o molhe norte, dirigidas para 
SW; as correntes de maré, cuja direção está relacionada com o orientação e 
comprimento do molhe norte; a diminuição de energia das correntes de 
vazante com a distância à entrada da barra, revelada pela variação 
granulométrica dos sedimentos de fundo, o que permitiu a acumulação de 
areia na zona do banco e/ou a remoção do sedimento mais fino nas partes 
mais energéticas; e as obras de engenharia, tais como a extensão do molhe 
norte, que redirecionam as correntes de maré e as correntes de jato, e as 
operações de dragagem de manutenção do canal de navegação. 
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abstract 
 
This thesis investigates the morphodynamic evolution of two study areas in 
distinct geographically and hydrodynamically contexts affected by 
anthropogenic activities related to port engineering works and dredging 
activities: an area offshore Vale do Lobo, Algarve, where the coastline is 
seriously affected by coastal erosion and where offshore sand exploitation took 
place for artificial beach nourishment; and an area adjacent to the entrance of 
the Port of Aveiro, which has been subjected to the influence of several jetty 
reconfigurations in the past decades, and where recurrent dredging activities 
are carried out for maintenance of the navigation channels. It aims at better 
understanding some of the impacts of jetty reconfiguration and dredging on the 
local morphodynamics in port areas, and also how offshore excavations are 
able to recover through time, which is fundamental for impact assessment. 
The investigation of the evolution of the offshore sandpit located off Vale do 
Lobo, Algarve, was based on 4 bathymetric surveys, prior to and after the 
dredging operations (within a time span of four years 2006-2010), 
complemented with the analysis of wave data and numerical modelling 
simulations. The results show an infill of approximately 17% of the initial 
exploration pit in the first 4 years, with an overall smoothing of the initial 
excavation bottom topography. Observations combined with modelling results 
demonstrate that the pit evolution depends mainly on storm events, since it is 
essentially during these periods that there is significant sediment movement at 
the site depth, and, based on the predicted number of stormy days for the 
forecoming years, the sandpit recovery period is of ca. 38 years for its full, or 
near full, replenishment. 
The study of the sedimentary and morphological evolution of the “Barra de 
Aveiro” and the adjacent near-shore shelf area was based on both old (1936-
1978) and recent (2010-2013) bathymetric datasets, complemented with newly 
acquired sidescan sonar data and bottom sediment sampling and analysis. The 
results indicate that the sandbank permanency and evolution are related to a 
complex interaction of factors: the littoral drift, which seems to represent the 
main sedimentary source of the sandbank; the southwest-directed jet stream 
related to the littoral drift interaction with the north jetty; the ebb currents, 
whose direction is related to the north jetty length and orientation; the energy 
decrease of the ebb currents with the distance to the inlet, revealed by the 
granulometric variation of the surface bank sediments, which allowed the sand 
accumulation in the bank area and/or the removal of the finer sediment in the 
most energetic parts of the bank; and the engineering works such as the 
extension of the north jetty, that re-direct the ebb currents and the jet stream, 
and the dredging operations for navigation channel maintenance. 
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I.1. Nature and scope of this work 
 
The coastal zone, broadly defined as the interface between land and ocean, 
represents a naturally dynamic area of high ecological diversity and critical economic 
significance. Coastal zones include beaches, estuaries, the adjacent land draining 
directly into the coastal waters, and the offshore, usually out to the edge of the 
(geomorphological) continental shelf (Stewart, 2009). According to Creel (2003), about 
half of the world's population lives within 200 kilometers of a coastline and, by 2025, 
that figure is likely to double. The population density in coastal zones is estimated to 
be about three times greater than the global average, which makes these areas 
increasingly subjected to human activities and interests. For these reasons, 
anthropogenic impacts in coastal areas are highly significant because of the extensive 
construction and polluting activities that cause important modifications on the coastal 
zones morphology, dynamics and ecosystems. Therefore, a detailed knowledge of 
coastal dynamics and of the geological and morphodynamic processes operating in 
these zones is crucial for an appropriate management of the natural resources, for risk 
assessment of the potential natural hazards and to mitigate environmental impacts. 
Furthermore, a deep understanding of the impacts caused by coastal activities, such as 
the opening and maintenance of navigation channels in port areas, coastal engineering 
defense works, and marine aggregate extraction, are crucial in the decision-making 
processes (Pacheco et al., 2007). 
This thesis investigates the morphodynamic evolution in two coastal zone areas 
with different local hydrodynamic conditions, affected by anthropogenic activities 
related to port engineering works and dredging activities. It focuses on two main 
aspects related to such activities: the evolution and recovery times of an offshore 
excavation for sand exploitation; and the dynamics of sandbank formation and 
evolution in an area affected by recurrent dredging operations and port inlet 
reconfiguration. For this purpose, two geographically and hydrodynamically distinct 
areas of the Portuguese coast were selected (Figure 1): an area offshore Vale do Lobo, 
Algarve, where the coastline is seriously affected by coastal erosion and where 
offshore sand exploitation took place for artificial beach nourishment; and an offshore 
area adjacent to the entrance of the Port of Aveiro, which has been subjected to 
several jetty reconfigurations in the past decades, and where recurrent dredging 
activities takes place for maintenance of the navigation channels. 
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Figure 1. Geographic location of the two study areas: the area adjacent to the Barra of Aveiro, 
West Portugal, and the area offshore Vale do Lobo, Loulé, in the Algarve. Coordinate system in 
UTM Zone 29N, datum WGS84. Bathymetry referred to the Hydrographic Zero datum (ZH). 
 
The Vale do Lobo area is situated in Loulé, in the South Portuguese coast 
(Figure 1) and has suffered serious erosion problems in the recent past (e.g. Magalhães 
et al., 2004; Teixeira, 2011). The intense anthropogenic changes due to tourism and 
urban development close to the sea, in particular, have had a strong negative impact 
on the shoreline, with a significant increase in coastal erosion (Magalhães et al., 2004). 
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In order to mitigate this intense coastal erosion, artificial beach nourishments have 
been carried out. The Vale do Lobo beach nourishment undertaken between October 
1998 and January 1999 was the first case of an offshore sand exploitation in the 
Algarve, and approximately 700 000 m3 of sand were extracted (Teixeira, 2011). In 
2006, between March and May, a second artificial beach nourishment was performed, 
from a localized offshore sandpit excavation in the same area. In this second artificial 
nourishment, approximately 370 000 m3 of sediments were dredged from the internal 
continental shelf off Vale do Lobo (Teixeira, 2011). In this thesis we focus our study on 
the evolution of the second offshore excavation, for which an adequate dataset of 
several bathymetric surveys covering the dredging area, prior to and after the 
excavation, was acquired and made available for this study (most of the bathymetric 
data was courtesy of the Administration of the Hydrographic Region of the Algarve - 
ARH Algarve). This bathymetric dataset allows a detailed monitoring and analysis of 
the sandpit evolution through time, making this an excellent opportunity for a case 
study. 
The Aveiro area is located on the northwest Portuguese coast (Figure 1) and 
encompasses the Aveiro lagoon entrance, usually called ͞Baƌƌa de Aǀeiƌo͟, and its 
near-shore shelf. The ͞Baƌƌa de Aǀeiƌo͟ represents the connection between the Aveiro 
lagooŶ, ĐoŵŵoŶlǇ kŶoǁŶ as the ͞Ria de Aǀeiƌo͟, aŶd the AtlaŶtiĐ OĐeaŶ. The pƌeseŶt 
artificial connection was made possible by two jetties created in 1808, to prevent the 
inlet migration. Regular engineering works, including dredging activities for 
ŵaiŶteŶaŶĐe of the ŶaǀigatioŶ ĐhaŶŶels aŶd jettǇ’s stƌuĐtuƌal ŵaiŶteŶaŶĐe, haǀe 
maintained the lagoon entrance. The ͞Baƌƌa de Aǀeiƌo͟ and its adjacent continental 
shelf are subjected to a highly energetic wave climate, mainly from Northwest, which 
results in a strong southward littoral drift (Andrade et al., 2002). The north jetty, in 
particular, due to its location and orientation, protects the Ria de Aveiro inlet from the 
waves, but becomes highly exposed and vulnerable to the wave action. The high-
energy wave regime in this area and the intense sedimentary dynamics creates the 
need for frequent remedial and preventive engineering interventions, such as dredging 
operations and structural jetty maintenance or reconfiguration works. However, these 
interventions change not only the inlet dynamics, but also the dynamics of the entire 
lagoon (e.g. Silva and Duck, 2001; Araújo et al., 2008; Dias and Mariano, 2011; Dias and 
Picado, 2011) and of the adjacent coastal areas (e.g. Coelho et al., 2009). In this thesis 
we investigate the influence of recent engineering works on the formation and 
evolution of the external sandbank and on the sediment dynamics and the 
sedimentary and morphological evolution of the ͞Baƌƌa de Aǀeiƌo͟ and the adjacent 
near-shore shelf area. This study is based on a bathymetric, geophysical and 
sedimentological dataset, a significant part of which was acquired in the scope of this 
investigation. 
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I.2. Objectives 
 
Morphodynamic, hydrodynamic and sedimentological studies are essential for 
understanding coastal systems and for properly managing coastal and marine natural 
resources. As stated above, the main objective of this thesis is to investigate the local 
morphodynamic evolution of two areas affected by anthropogenic activities related to 
port engineering works and dredging activities, located in two geographically and 
hydrodynamic distinct areas along the Portuguese coast: an area offshore Vale do 
Lobo, Algarve, and an area near the entrance of the Port of Aveiro. In particular, it is 
aimed to better understand the evolution and recovery times of offshore excavations 
for sand exploitation, a topic of growing importance for Portugal, and the dynamics 
and sandbanks formation and evolution associated with port inlets reconfiguration and 
dredging activities, also of significant interest for port authorities and administrations.  
The specific objectives for each of these two study areas are listed below.  
 
 
I.2.1. Vale do Lobo - Algarve 
 
The main objectives of the study of the excavation site located offshore Vale do 
Lobo, Algarve, are to understand the evolution of the offshore sandpit through time 
and its impacts on the local sediment and hydrodynamics, and in particular to assess 
how the excavation is being filled by sediments, and to estimate the time needed for 
its recovery. Besides contributing to a better knowledge of the sedimentary dynamics 
of the study area, this work has implications for the assessment of impacts of future 
offshore dredging and aggregate exploitation in this area and elsewhere. The study of 
the evolution of offshore excavation recovery times is also important for future 
offshore mining impact assessment studies. Specific objectives are:  
a) To follow and understand the sandpit evolution, based on bathymetric 
datasets acquired prior to and after the sand extraction (2006-2010).  
b) To characterize the regional wave climate, namely the significant wave 
height, mean period, and mean wave direction in the study area during the 
period in analysis.  
c) To estimate the sandpit recovery time from the observed and predicted 
filling rate. 
d) To correlate the wave climate conditions, namely the storm events, with the 
sandpit dynamic evolution. 
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I.2.2. The ǳBarra de Aveiroǳ and the adjacent near-shore shelf 
 
The ŵaiŶ oďjeĐtiǀe of the sediŵeŶtaƌǇ aŶd geophǇsiĐal studǇ of the ͞Baƌƌa de 
Aǀeiƌo͟ aŶd Ŷeaƌ-shore shelf offshore Aveiro is to understand the sedimentary 
dynamics of a very dynamic area often subjected to a several engineering works. This 
work will hopefully contribute to a better understanding of the sedimentary dynamics 
of the study area, in particular as concerns the sandbank formation and evolution, and 
its results have implications for the impact assessment of future jetty reconfigurations 
and dredging operations in this area. Specific objectives are:  
a) To understand the sedimentary and morphological evolution of this area 
based on bathymetric datasets acquired over time, based on both historical 
and recent bathymetric and geophysical data (1936 – 2013). 
b) To investigate the sedimentary dynamics of the ͞Baƌƌa de Aǀeiƌo͟ and the 
near-shore shelf, in particular of the external sandbank, based on grain-size 
distribution of the sediments, and on the acquired geophysical data. 
c) To assess the lagoon influence on the near-shore shelf. 
d) To create a conceptual model of the present-day sedimentary dynamics of 
the ͞Baƌƌa de Aǀeiƌo͟ and near-shore shelf. 
 
 
I.3. Data and methods 
 
The study of the morpho-sedimentary evolution of the excavation area 
offshore Vale do Lobo in the Algarve, south of Portugal, was carried out based on 4 
bathymetric surveys acquired prior to (March 2006) and after (May 2006, November 
2008 and May 2010) the dredging operation carried out in May 2006. The 
methodology used was the following: 
 The various bathymetric datasets were first inserted into a georeferenced GIS 
database (ArcGIS, ESRI), which allowed to estimate the sediment budget in the 
excavation pit and surrounding area, and to understand the sandpit 
morphology evolution through time, in particular its migration and 
replenishment. 
 The estimation of the recovery time for the excavation area was calculated 
assuming a variable refilling rate, exponentially decreasing in time. 
 The sigŶifiĐaŶt ǁaǀe height ;HsͿ, ŵeaŶ peƌiod ;TͿ, aŶd ŵeaŶ ǁaǀe diƌeĐtioŶ ;θͿ 
datasets from the Faro directional wave buoy (operated by the Portuguese 
Hydrographic Institute), for the period 2006-2010, were used to characterize 
the wave climate in the study area during the period in analysis.  
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 The gaps identified in the wave dataset were filled in by direct interpolation of 
buoy data (weighted mean) for a time span of 6 hours or less; for longer gaps 
(more than 6 hours) the data were filled in using data from the numerical 
model WaveWatchIII (Tolman, 2009). 
 The classification, quantification and characterization of the storm events were 
carried out for the periods of time between bathymetric surveys (from May 
2006 to November 2008 and from December 2008 to May 2010) in order to 
assess the influence of such events on the mobilization of the sediments. 
 The numerical simulations of the sediment dynamics and morphological 
evolution of the sandpit were performed with the morphodynamic modeling 
system MORSYS2D (Fortunato and Oliveira, 2004, 2007; Bertin et al., 2009), to 
better understand the morphodynamic evolution of the study area and to 
assess the conditions that generate significant sediment movement.  
 
The datasets and methodology used for study of the morpho-sedimentary 
dynamics offshore Aveiro, were the following: 
 8 historical bathymetric maps from 1936 to 1985, were digitalized, 
georeferenced, vectorized and inserted into a georeferenced GIS database 
(ArcGIS, ESRI) in order to understand the long term evolution of the ͞Baƌƌa de 
Aǀeiƌo͟ and the adjacent near-shore shelf morphological evolution, mainly the 
sandbank sedimentary structure. 
 
 5 recent bathymetric datasets acquired from November 2010 to November 
2013 were inserted into the same georeferenced GIS database (ArcGIS, ESRI) 
and were used for spatial computations to determine the recent evolution of 
the ͞Baƌƌa de Aǀeiƌo͟ and the adjacent near-shore shelf morphological 
evolution through time, specially the sandbank structure evolution, migration 
and volume. 
 
 The sedimentary and geophysical superficial characterization of the ͞Baƌƌa de 
Aǀeiƌo͟ and the near-shore shelf area was performed using a set of 49 surface 
sediment grab samples and almost 40 sidescan sonar lines acquired in the 
study area in the scope of this work. The sedimentary data were analysed for 
grain size (based on the European Standard EN 933-1:2000) with the fine 
fraction <63 ʅŵ ďeiŶg sepaƌated ďǇ ǁet sieǀiŶg aŶd the sediŵeŶtaƌǇ fƌaĐtioŶ 
>63 ʅŵ ďeiŶg dƌǇ sieǀed thƌough a ďatteƌǇ of sieǀes spaĐed ½ phi. The 
sidescan sonar data was processed using the SonarWeb software, from 
Chesapeake Technology, and the final mosaic obtained was inserted into a 
georeferenced GIS database (ArcGIS). 
Chapter I. Introduction 
9 
 
The integrated interpretation of all the available data allowed assessing the most 
important sedimentary, hydrodynamic and anthropogenic processes involved in the 
evolution of the ͞Baƌƌa de Aǀeiƌo͟ and its adjacent near-shore shelf. 
More detailed information about the fundamentals of the methods applied and 
the methodology used can be found in Chapter III and in Sections IV.4 and V.4. 
 
 
I.4. Structure of the thesis 
 
This thesis is structured around 2 major questions: 
1. What is the morphodynamic evolution through time of an offshore sandpit site 
after a localized dredging operation in an area with low hydrodynamism such as 
offshore Vale do Lobo? 
2. How did the ͞Baƌƌa de Aǀeiƌo͟ and its adjacent near-shore shelf evolve through 
time in the past decades and how did the port engineering works affect its 
sedimentary dynamics and morphological evolution? 
 
The thesis starts with this brief introduction (Chapter I) in which the nature and 
scope and the main objectives of the present work, as well as the most relevant data 
and methodology used in this investigation, are presented. Chapter II provides the 
geological, oceanographic and climatic setting of the two study areas. Chapter III 
describes the fundamentals of the methods used. 
Chapters IV and V are structured in the format of research papers and address 
the two main topics of this thesis. Chapter IV describes the morphodynamic evolution 
of a sandpit site offshore Vale do Lobo, Algarve, resulting from the sand exploitation 
for the nourishment of the Vale do Lobo beach. In this chapter the sandpit evolution is 
analyzed and it is explained how it is being filled over time, in particular during storm 
events – the essentials of this Chapter have been published in the peer reviewed SCI 
journal Coastal Engineering (Gonçalves et al., 2014). Chapter V discusses the results of 
the investigation carried out at the Aveiro Harbor entrance and the adjacent near-
shore shelf. This chapter includes a bathymetric, sedimentary and geophysical 
characterization of the study area, in particular of the external sandbank, and proposes 
a conceptual model of the most important sedimentary and hydrodynamic processes 
that act on the area. Chapter VI discusses, in general terms, the implications of these 
studies and addresses future research directions.  
 

  
 
 
 
 
 
 
 
 
Chapter II. Geological, oceanographic and climatic 
settings of the study areas 
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II.1. Vale do Lobo - Algarve 
 
Vale do Lobo is located in Loulé, central-eastern Algarve, on the southern 
Portuguese coast (Figure 2). The Algarve region has a typical Mediterranean climate, 
with dry summers and rainy winters. Its coast, surrounded by the Atlantic Ocean, is 
characterized by a mesotidal regime, with a tidal amplitude that can reach 3.5 m at 
spring tides, and a wave regime less than 1 m wave heights, mainly from southwest 
(inducing a longshore drift predominantly eastwards), with occasional periods with 
waves from the southeast (IH, 1994; ARH, 2012a). The western and central parts of the 
Algarve are dominated by cliff coasts under erosion rates that can reach a few meters 
per year in some places, being the main source of sediment for the longshore drift that 
feeds the Ria Formosa barrier island system (Figure 2; Correia et al., 1996). 
 
 
Figure 2. Study area offshore Vale do Lobo, Algarve, showing the location of the main 
excavation areas studied in this thesis (red rectangle). The bathymetry shown is from the 
Portuguese Hydrographic Institute (2001 survey), courtesy of the Administration of the 
Hydrographic Region of the Algarve - ARH Algarve. The inset in the upper right corner shows 
the location of the study area in mainland Portugal. Bathymetry from the GEBCO 2008 (2 miles 
spacing) digital bathymetric grid and referred to the Hydrographic Zero datum (ZH). 
Coordinate system in UTM Zone 29N, datum WGS84. 
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Vale do Lobo coast is characterized by the existence of a medium height (10 to 
15m) active cliff and a narrow beach. The almost vertical cliff that extends from 
Quarteira, in the west, to the Vale do Garrão area, in the east, is shaped in poorly 
consolidated red sandstones from the Plio-Pleistocene (Manuppella, 1992). The cliffs in 
the Quarteira - Vale do Garrão coast are intercalated by sandy barriers that enclose the 
stream mouths of the area (Teixeira, 2011). This coastal area has been affected by 
serious problems of coastal erosion which have become evident from the extreme 
decrease of the beach width and the observed cliffs retreat (estimated by Correia et al. 
(1996) between 0.6 and 2 m/year in the Vale do Lobo area). The construction of the 
Vilamoura jetties (west of Quarteira; Figure 2) aŶd the Quaƌteiƌa gƌoiŶs iŶ the ϳϬ’s 
appears to have led to an interruption of the eastwards littoral drift, inducing serious 
erosional problems for that coastal sector and increasing the natural trend of coastline 
and cliffs retreat. 
 
 
II.1.1. Geological setting 
 
The Algarve geological province stands out as unique from both stratigraphic 
and morpho-tectonic points of view, due to its geographical location and lithological 
diversity. The Algarve lithological record spans from the Paleozoic to the Holocene 
(Figure 3). The Paleozoic rocks outcrop only in the northern area (Figure 3), consisting 
of flysch sequences of late Carboniferous age that were intensely folded and faulted 
during the Variscan orogeny (Hercynian orogeny; Oliveira, 1990; Manuppella, 1992). 
On top of this unit rests the Algarve Sedimentary Basin consisting of two superposed 
Mesozoic and Cenozoic basins (Terrinha, 1998). The two basinal cycles are separated 
by the Upper Cretaceous - Miocene unconformity (Figure 4), which corresponds to an 
important phase of the tectonic inversion and uplift of the Mesozoic rift basin (Kullberg 
et al., 1992; Terrinha, 1998). 
The Mesozoic Algarve basin was formed by extensional tectonics from the 
Lower Triassic until the Upper Cretaceous, during the opening of the Tethys Sea and 
the Central Atlantic Ocean (Palain, 1976; Rey, 1983; Terrinha, 1998). Siliciclastic 
sediments are abundant in the Triassic, and limestones and marls are predominant 
from the Upper Triassic to the Cretaceous (Terrinha, 1998; Figure 4). The sedimentary 
depositional environments evolved from continental siliciclastics (fluvial red 
sandstones) in the Triassic, through littoral red shales, dolomites and evaporites in the 
early Lower Jurassic, to marine carbonates and marls with ammonoids during the 
Lower Jurassic (Terrinha et al., 1990; Ribeiro and Terrinha, 2007). 
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The Cenozoic basin is characterized by sandy limestones from the Lower and 
Middle Miocene, silts and sands from the Upper Miocene (Cachão, 1995; Cachão et al., 
1998; Pais et al., 2000) and the Pliocene-Pleistocene Faro-Quarteira Formation, later 
renamed as Ludo Formation (Moura and Boski, 1999; Figure 3 and Figure 4). This 
sedimentary formation, dominant in the Vale do Lobo area, is mainly composed of red 
and feldspathic sand and gravel, with very variable amount of clays and a few rounded 
pebbles of quartz and iron nodules (Devereux, 1983; Manuppella et al., 1987). 
Mineralogical, sedimentological and paleontological studies (Moura and Boski, 1999; 
Pais et al., 2012) divided this formation into four units that were deposited under 
differing paleoenvironmental conditions (from the oldest to the youngest): the Monte 
Negro sands, the Quarteira sands, the Ludo sands and the Gambelas sands and gravels 
(Figure 5). The Monte Negro sands were deposited during the Pliocene marine 
transgression, that occurred across the Algarve Basin; later, in the Lower Pleistocene, 
the Quarteira sands were deposited under shallow continental shelf conditions. The 
Ludo sands mark the beginning of the fluvial deposition during a regressive phase. 
During the Middle and Upper Pleistocene, under semi-arid conditions, the Gambelas 
sands and gravels were deposited, with episodes of river incision (Moura and Boski, 
1999; Pais et al., 2012). 
 
Figure 5. Ludo Formation stratigraphic profile showing its four main units (modified and 
simplified from Moura and Boski (1999) in Chester, 2012). 
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Offshore Algarve, the Meso-Cenozoic stratigraphic record spans from the 
Triassic to the Quaternary, with an important unconformity (correlated with the hiatus 
recognized onshore Algarve Basin) between the Upper Cretaceous and the Tertiary 
(see Figure 4; Pais et al., 2000). According to Roque (2010), the Neogene deposits 
offshore the Algarve basin consist of Lower Miocene limestones followed by 
calciclastic and siliciclastic sequences from the Middle/Lower Miocene, composed of 
sand, silt and mud. The Pliocene-Quaternary sequences are well developed on the 
continental shelf and consist of interchanging sand and mud layers; the most recent 
deposits (Holocene) are composed of sand and mud (Moita, 1986).  
The Algarve coast presents a great variety of geomorphological forms and 
lithological types that become successively younger eastwards: north of Cabo de São 
Vicente the littoral is composed of Paleozoic formations; east of this cape the 
formations are gradually younger, of Jurassic, Cretaceous, Miocene and Plio-
Quaternary ages (Figure 3). From Quarteira to Garrão (Vale do Lobo included) the 
coast is characterized by the existence of poorly consolidated red sandstones cliffs 
from the Plio-Pleistocene (Figure 3 and Figure 5; Manupella, 1992) intercalated by 
Holocene sandy barriers that, as mentioned before, enclose the stream mouths of that 
area (Figure 4). These soft cliffs are easily eroded by oceanic and subaerial processes. 
According to Correia et al. (1996) and based on a cliff retreat dataset from 1958 to 
1991, between Quarteira and Vale do Lobo the mean retreat rates were estimated 
between 0.7 to 3.5 m/year for the Eastern Quarteira area, and 0.6 to 2 m/year in the 
Vale do Lobo area. Part of this eroded sediment remains in this sector as less mature 
sand deposits; however, a significant amount is incorporated in the littoral drift and 
redistributed eastward along the coast and adjacent inner shelf (Alveirinho Dias, 1988; 
Rosa et al., 2013). According to Correia et al. (1997), the amount of sediment supplied 
from cliff erosion along this coastal stretch to the littoral drift between 1983 and 1991 
was ca. 36 400 m3/year. The cliffs are, therefore, the main source of sand that feeds 
the longshore sediment transport (Alveirinho Dias and Neal, 1992; Correia et al., 1996) 
with a small fluvial direct contribution into this area of the Algarve coast (Rosa et al., 
2013). Nevertheless, the discharges of the Quarteira stream might have had an 
important contribution in the past (Rosa et al., 2013). In fact, due to the construction 
of the Marina of Vilamoura and the regular dredging works, the Quarteira stream 
nowadays does not connect directly to the sea (Rosa et al., 2013). 
Based on the rate of sediment loss in the Vale do Lobo beach nourishment 
between 1999 and 2006, Teixeira and Rosa (2009) estimated an annual eastwards net 
transport rate of 110 000 m3/year. The depth of closure that controls the sediment 
exchange between the coastal system and the inner shelf area has been estimated at 
about 6 m to 10 m for this area (Andrade, 1990; Dolbeth et al., 2007), although it may 
vary locally. 
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The distribution of the superficial sediments in the Algarve continental shelf 
shows the presence of a great variety of sediment types and size classes, with the 
predominance of bioclastic sands and gravels, showing the deficiency of fluvial input 
into the shelf, and high silty-mud content, suggesting low energetic conditions (Moita, 
1986). Alveirinho Dias et al. (1980) characterized the superficial sedimentary deposits 
on the Portuguese continental shelf based on the Nickless classification (Nickless, 
1973; Figure 6). According to these authors, the Algarve continental shelf is a lot 
muddier than the western Portuguese coast, being essentially covered by sandy-silty-
muddy sediments (Figure 6). The major deposits fall within the muddy class (blue color 
in Figure 6) and an important part corresponds to silty-muddy sand and gravel with 
more than 10% of silt and clay (white color in Figure 6). Two main gravelly deposits 
were identified (dark orange color in Figure 6): offshore São Vicente, at about 125 m 
water depth, and offshore Albufeira, at about 37 m water depth; both deposits have a 
significant bioclastic contribution. Gravelly sand sediments are found in the inner shelf 
of the central and eastern parts of the Algarve (light orange color in Figure 6). Between 
Albufeira and Faro, at depths that span from 13 to 26 m, the sand presents a mean 
gravel percentage of 20% and a mean silty-muddy fraction percentage of less than 3% 
(Alveirinho Dias et al., 1980). The biogenic contribution is dominated by mollusk shell 
fragments and spans from 20% (in average) in the sandy fraction to 32% (in average) in 
the gravelly fraction. The terrigenous component of these sandy sediments is poorly 
sorted and is mainly siliciclastic, with hyaline as the dominant quartz type (Alveirinho 
Dias et al., 1980). 
 
 
Figure 6. Distribution of the sedimentary deposits in the Algarve continental shelf based on the 
Nickless classification (Alveirinho Dias et al., 1980). 
 
A similar characterization of the aggregate deposits in the Portuguese shelf was 
more recently performed by Magalhães (1999, 2003), also using the Nickless 
classification, but, according to this author, with an appropriate sampling grid for a 
more detailed study (Figure 7). Based on the textural characteristics, composition and 
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physiographic distribution of the sediments, Magalhães (1999) identified six main 
types of superficial deposits in the Algarve continental shelf: 
 
(a) Littoral sands that cover the littoral domain parallel to the shoreline and 
reach about 20 m water depths. These consist of modern deposits that 
correspond to quartz medium to fine sands with variable sorting and 
predominant terrigenous composition (generally more than 70%). The 
gravelly fraction, with a minor extent, is mainly biogenic. 
 
(b) Middle-shelf gravelly sands that form coarse to medium grained bioclastic 
sandy deposits, which occur at several meters water depth. The gravelly 
fraction is significant and mainly of terrigenous origin, and the fine fraction 
is almost absent. The characteristics of these deposits cannot be explained 
by the present-day supply and distribution conditions, and so they are 
classified as relict1-palimpsest2 deposits. 
 
(c) Middle-shelf sands, which only occur at the western and central part of the 
Algarve shelf and form medium to fine grained, poorly sorted, bioclastic 
sandy deposits with an insignificant gravelly fraction (predominantly 
bioclastic). 
 
(d) Middle-shelf muddy sands and mud, that form modern poorly to 
moderately sorted deposits which occur in the eastern and central part of 
the Algarve shelf (east of Potimão canyon). These consist of fine to very fine 
grained bioclastic sandy deposits, with an important muddy fraction. The 
gravelly fraction, if present, has a predominant biogenic composition. 
 
(e) Outer-shelf and shelf edge sands, that are bioclastic coarse grained sands, 
classified as relict deposits with a small modern component of foraminifera 
and muddy sediments. 
 
The area offshore Vale do Lobo is mainly constituted by lithoclastic coarse sand 
(CS-1 in Figure 8). Nearer shore, the sediments consist in general of lithoclastic 
medium sand (grain size between 0.25 and 0.5 mm and identified as MS-1 in Figure 8); 
further offshore, lithoclastic gravelly sand (grain size higher than 2 mm; gS-1 in Figure 
8) predominates (IH, 1985). 
                                                          
1
 Relict sediment is a deposit that consists solely of particles supplied to the shelf before the present. 
2
 Palimpsest sediment is a deposit that ŵaiŶlǇ ĐoŶtaiŶs paƌtiĐles supplied to the shelf ďefoƌe the pƌeseŶt, 
ďut also iŶĐludes soŵe paƌtiĐles Ŷoǁ ďeiŶg supplied to the shelf. 
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Figure 8. Superficial sediments in the study area, based on the Hydrographic Institute Map of 
Superficial Sediments (modified from IH, 1985), sidescan sonar data, in situ observations and 
manual sampling (60 cm deep) through scuba diving (Teixeira, 2011). The numbers 1 and 2 
after the sediment type indicate if it corresponds to a lithoclastic or lithobioclastic sediment, 
respectively. Coordinate system in UTM Zone 29N, datum WGS84 and bathymetric contours 
are referred to the Hydrographic Zero datum (ZH). 
 
The lithoclastic coarse sand identified in the excavation area (red box in Figure 
8) presents a dominant grain size between 0.5 and 2 mm, with a fraction of sediments 
with a grain size higher than 2 mm that is lower than 15%, and is essentially quartzitic 
with a low percentage (<10%) of carbonates (Teixeira, 2011). Based on sidescan sonar 
data and in situ observations through scuba diving, Teixeira (2011) mapped the rocky 
outcrops offshore Vale do Lobo shown in Figure 8 (R - grey polygons).  
 
 
II.1.2. Oceanographic and climatological setting 
 
The Algarve coast is protected from the most dominant and important swell 
source, the North Atlantic. The storms generated in the North Atlantic have to travel 
long distances and circumvent the southern Portuguese continental shelf to reach the 
Algarve coast, which contributes to an important dissipation of storm energy and wave 
height. Therefore, the wave climate is characterized by prevailing moderate sea states, 
with less than 1 m significant wave heights (Hs) and less than 5 seconds mean period 
(IH, 1994). Incident waves from the W-SW are dominant, representing 71% of the 
oĐĐuƌƌeŶĐes, aŶd iŶĐideŶt ǁaǀes fƌoŵ the “E, Đalled ͞LeǀaŶte3͟, ƌepƌeseŶt Ϯϯ% of the 
total occurrences (Costa et al., 2001). Based on 14 years of measurements of Faro 
                                                          
3
 Shoƌt peƌiod ǁaǀes geŶeƌated ďǇ “E MediteƌƌaŶeaŶ ǁiŶd. 
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buoy (1995 to 2009), Almeida et al. (2011) characterized the wave climate regime as 
smooth to moderate, with approximately 90% of the significant wave heights (Hs) 
lower than 2 m, and 5 to 10% of the wave heights reaching a 2.5 m to 3.5 m range 
(Figure 9). 
 
 
Figure 9. Wave rose diagram for the mean wave direction and the significant wave height in 
the Faro buoy based on 14 years of measurements (1995 to 2009) and map showing the 
location of the Faro buoy (yellow dot; Almeida et al., 2011). 
 
Storm events in the area have been defined by Pessanha and Pires (1981) as 
events with offshore significant wave heights greater than 3m. The establishment of 
return periods for the main incident wave directions indicates that SW storms are 
more energetic than SE storms for the same return period (Pires, 1998). Furthermore, 
the shape of the central-eastern Algarve coast generates two different areas in terms 
of wave action exposure (Figure 9): the central Algarve coast (Faro buoy, western area) 
is more energetic because it is directly exposed to the dominant wave conditions (W-
SW); and the eastern area (Faro buoy eastern area) is relatively protected from the 
more energetic waves, hoǁeǀeƌ it is eǆposed to the ͞LeǀaŶte͟ ǁaǀes. AĐĐoƌdiŶg to 
Almeida et al. (2011), the storm occurrences from the southwest quadrant in Faro area 
are dominant (70% of storm events), take place mainly during the winter and are 
responsible for the highest waves (the typical significant wave heights during storms is 
about 4 m, but it can reach 7 m). Southeastern storms occur when the Mediterranean 
easterly winds are strong (30% of storm events), mainly between October and May, 
with typical significant wave heights lower than 4 m and maximum values under 6 m 
(Almeida et al., 2011).  
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Almeida et al. (2011) investigated the historical variations and trends in 
storminess for the coast in South Portugal for the period 1952 to 2009 using both 
measured and modeled data (Figure 10). According to that study, the year with the 
maximum number of storms was 1963 and the minimum was 1954 (Figure 10a). The 
period from 1952 to 1965 was very stable with a yearly average of 5 storms and the 
period between 1973 and 1988 presented the lowest annual average number of 
storms, with many years having less than 3 storms (Figure 10a). From 1989 until 2005, 
the storm occurrence presents a sinusoidal trend, with peaks around 1989, 1996, and 
2001 (Figure 10a). The years with a higher number of storms generally have higher 
number of stormy days, higher wave heights and higher maximum individual storm 
durations (Figure 10b and Figure 10c). No statistically significant linear trend was found 
by the authors for any of the storm characteristics (wave height, storm duration, and 
number of storms). The main pattern of historical storminess variability is an 
oscillatory variability in storm parameters, with peaks every 7 to 8 years on average 
(Almeida et al., 2011). 
 
 
Figure 10. Variations in annual storm parameters and extreme wave height percentile: (a) 
histogram of annual number of storms with the moving average data (purple curve) and linear 
regression line (red line) on top; (b) histogram of the annual number of days with storms with 
the moving average data (blue curve) and linear regression line (red line) on top; (c) histogram 
of the annual Hs99.8 with the moving average data (brown curve) and the linear regression line 
(red line) on top (Almeida et al., 2011). 
 
The hydrodynamic regime in the Algarve coast is mesotidal and characterized 
by semi-diurnal tides with average ranges of 1.3 m and 2.8 m for neap and spring tides, 
respectively, although maximum ranges of 3.5 m can be reached (Rosa et al., 2013). 
According to Lopes et al. (2009), in the inner continental shelf off Vale do Lobo the tide 
is well polarized, mainly aligned along the N-S direction, and the maximum tidal 
currents can reach 0.15 m/s in Vale do Lobo area. The mean currents are strongly 
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correlated with the wind field: for calm wind conditions, the velocity intensity is 
insignificant; however, during the storms from the SW quadrant, the wind induces 
strong currents (~0.2 m/s) southeastwards (Rosa et al., 2011a, b). 
The Algarve coast has a typical temperate climate – mesothermal - with hot 
and dry summers and rainy winters. During the year, the weighted mean air 
temperature spans from 10.7 ºC in January and 23.4 ºC in August (ARH, 2012a). The 
mean insolation is highest in July, varies from 340 hours in Sagres and 395 hours in 
Tavira, and has minimum values in January, spanning from 127 hours in Alvalade 
(Santiago do Cacém) and 162 hours of sun exposure in Faro (ARH, 2012a). The mean 
annual precipitation is between 600 and 700 mm, and 80% of that precipitation occurs 
in the wet season, from October to March (Figure 11; Teixeira, 2006). The dry season 
(April to September) contributes with about 131 mm of precipitation in average, value 
just slightly higher than the mean precipitation registered in December, the rainiest 
month (Figure 11; ARH, 2012a). 
 
 
Figure 11. Mean precipitation between 1976 and 2004 monthly distributed at the Lagos 
meteorological station (Teixeira, 2006). 
 
The wind is differentially felt according to the coast vicinity (mainly in the 
western coast), topography and altitude. In the western coast, more exposed to the 
Atlantic circulation regimes, the winds are mainly from N-NW, followed by winds 
blowing from noƌth, Đalled ͞Noƌtada͟. The iŶflueŶĐe fƌoŵ the ŶoƌtheƌŶ ǁiŶds is 
reduced eastwards, particularly if there are morphological and topographic structures. 
In the southern coastal areas, the mean wind velocity (monthly distributed) spans from 
4.9 km/h in Quarteira meteorological station and 20 km/h in Sagres. The mean wind 
velocity is higher during the spring and summer months, due to the significant role of 
the teŵpeƌatuƌe oŶ the sea ǁiŶds aŶd ͞Noƌtada͟ ǁiŶds, ĐoŶditioŶiŶg the atŵospheƌiĐ 
Chapter II. Geological, oceanographic and climatic settings of the study areas 
26 
 
circulation regime. In Faro (Figure 12), the mean wind velocity (monthly distributed) 
varies from 12.7 km/h in November and almost 16 km/h in May (ARH, 2012a). 
 
 
Figure 12. Wind rose diagram for the annual mean wind direction and velocity for the Faro 
meteorological station (ARH, 2012a). 
 
 
II.2. The ǲBarra de Aveiroǳ and the adjacent near-shore 
shelf  
 
The ͞Baƌƌa de Aǀeiƌo͟ represents the communication of the ͞Ria de Aǀeiƌo͟ 
barrier-lagoon system with the Atlantic Ocean by an artificial inlet (two offshore-
directed jetties) built in 1808 (Figure 13). Located in the northwest Portuguese coast, 
the ͞Ria de Aǀeiƌo͟ is geologiĐallǇ ǀeƌǇ ƌeĐeŶt; its formation started about a thousand 
years ago when a sand spit started to proceed southwards due to the alongshore 
sediments transport, isolating the estuary of the Vouga river from the coastal ocean 
(Martins, 1946; Girão, 1951; Abecasis, 1955; further historical information on the 
formation of the Aveiro lagoon and the evolution of the ͞Baƌƌa de Aǀeiƌo͟ is included 
in section V.3). 
The ͞Ria de Aǀeiƌo͟ is Đoŵposed of loŶg aŶd Ŷaƌƌoǁ tidal ĐhaŶŶels, tidal flats, 
salt marshes and supra-tidal sand isles, and presents a maximum width of 10 km and a 
length of 45 km along its longitudinal axis, covering a variable area of 83 km2 at high 
tide, that decreases to 66 km2 at low tide, both during the spring tides (Dias and Lopes, 
2006). The lagoon has four main branches connected to its entrance: the Mira channel, 
20 km long, south directed, parallel to the coastline; the S. Jacinto channel, 29 km long, 
north directed, parallel to the coastline; the Ílhavo channel, 15 km long, southeast 
directed; and the Espinheiro channel, 17 km long, northeast directed (Dias, 2001). The 
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hydrodynamic and morphodynamic pattern of the lagoon is mainly imposed by tides, 
whose influence can be felt even upstream into the lagoon (Dias et al., 1999). 
According to Lopes and Dias (2007), the estimated tidal prism in the lagoon is 
136.7×106 m3 for the maximum spring tide and 34.9×106 m3 for the minimum neap 
tide. Comparatively, the rivers have a smaller contribution in terms of water inputs 
(about 1.8×106 m3 during a tidal cycle); however they have a long-term influence in the 
residual transport (Lopes and Dias, 2007). The lagoon is supplied in freshwater by the 
Vouga hydrographic basin that corresponds to a drainage network of 3 680km2 that 
flows annually in average 2 609 hm3 (~82m3/s) of freshwater (ARH, 2012b). 
 
 
Figure 13. Study area offshore Aveiro, which includes the ͞Baƌƌa de Aǀeiƌo͟ and the adjacent 
near-shore shelf. The bathymetry is from the Aveiro Port Authority (June 2011 survey). The 
inset in upper right corner shows the location of the study area in mainland Portugal. 
Bathymetry is from the GEBCO 2008 (2 miles spacing) digital bathymetric grid and referred to 
the Hydrographic Zero datum (ZH). UTM coordinates - Zone 29N/WGS84.  
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In general, the depths in the lagoon are smaller than 3 m and most frequently 
close to 1 m, mainly at the upper reaches. The deepest areas can be found in the inlet 
navigation channel, essentially in some areas close to the lagoon entrance (see Figure 
13), where the water depth can reach values of the order of 30 m, dug by the strong 
tidal currents of over 3 m/s (Dias et al., 2000, 2003; Lopes and Dias, 2007). According 
to Plecha et al. (2010), the average depth of the lagoon entrance area, including the 
inlet navigation channel and the ebb-delta is between 5 and 10 m. The strong tidal 
forcing is responsible for a high mixture of the fresh and salty water masses, making 
this lagoon, in general, a well-mixed system, although areas close to the lagoon inlet 
present some vertical stratification patterns in salinity and water temperature. The 
longitudinal salinity and temperature gradients are significant: close to the inlet the 
water mass presents high salinity levels and low temperature, due to the seawater 
input; upstream into the lagoon the salinity decreases and the temperature rises (Dias 
et al., 1999). 
The iŶlet of the ͞Ria de Aǀeiƌo͟ lagooŶ lies iŶ a sandy coast subjected to a 
highly energetic wave climate, typical of the western Portuguese coast, which leads to 
a strong littoral drift, both with south and north directions. In average conditions, 
there is a net rate of over 1×106 m3 per year southwards (Castanho et al., 1974; 
Vicente and Clímaco, 1986).  
 
 
II.2.1. Geological setting 
 
The ͞Ria de Aǀeiƌo͟ lagooŶ is a HoloĐeŶe sediŵeŶtaƌǇ ďasiŶ loĐated iŶ the 
northern section of the Mesozoic Lusitanian basin, which overlies the Hercynian Massif 
mainly composed of folded, thrust and metamorphosed igneous and sedimentary 
rocks of Precambrian and Paleozoic age. The Lusitanian basin, located on the central 
part of the Iberian Occidental Margin, is approximately 200 km long in the NNW-SSE 
direction and 100 km wide, occupying an area greater than 20 000 km2, of which 2/3 
outcrops onshore and the remaining is immersed in the continental shelf (Kullberg et 
al., 2013). The formation and geometry of this basin was controlled by the extensional 
events related to the opening of the North Atlantic Ocean during the Mesozoic, when 
sediments supplied by the surrounding continental areas, both from the high 
continental area to the east and from an elevated area to the west (of which the 
granitic Berlengas and Farilhões Islands represent nowadays the only testimony) filled 
the basin (Wilson, 1988; Kullberg et al., 2013).  
Wilson (1988, 1989) identified four unconformities in the Mesozoic 
sedimentary sequences that may be related to different rifting stages. The first rifting 
stage occurred during the Late Triassic to the Middle Jurassic, when the deposition of 
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fluviatile siliciclastics and evaporites in fault bounded basins occurred. The regional 
hiatus that followed the Middle Jurassic is related to the opening of the central Atlantic 
Ocean. The second extensional phase occurred during the Late Jurassic and Early 
Cretaceous when lacustrine carbonates were succeeded by marine carbonates, within 
which facies distributions indicate contemporaneous movement of salt structures and 
faults. An influx of siliciclastic sands dominates the succession in the north and east 
part of the basin, replaced southwestwards by carbonate deposits. The third and 
fourth sequences, respectively, from the Lower Cretaceous and from the Lower to the 
Upper Cretaceous, show a similar facies distribution to the end of the previous 
sequence, with fluviatile sands in the north being replaced southwards by marine 
marls and limestones. According to Wilson (1988), relative sea-level changes rather 
than relative tectonic movements were probably the major controlling factor on the 
facies distribution of these two sequences. 
In contrast to the Mesozoic, the Cenozoic in the Iberian Peninsula is dominated 
by compressional deformation related to the Pyrenean and Betic orogenies (Garcia 
Mondejar, 1988 in Andeweg, 2002; Wilson et al., 1989). The start of closure of the Bay 
of Biscay and the migration of the Pyrenean zone to the west caused the inversion of 
the Mesozoic extensional basins (Garcia Mondejar, 1988 in Andeweg, 2002). During 
the Pyrenean compression, the sedimentation in the Lusitanian basin was controlled 
by pre-existing late Hercynian basement faults, often amplified by halokinesis, 
sometimes leading to the formation of diapirs that pierced the entire sedimentary 
cover (Alves et al., 2003). Sedimentation during the Paleogene consisted mostly of 
sands and conglomerates, while in the Neogene, sedimentation evolved to shallow 
marine clastic and carbonate deposits due to subsidence and marine transgression. In 
the North Lusitanian basin, Pliocene sedimentation recorded multiple transgression 
and regression cycles. Several erosional surfaces developed during the Quaternary, 
and deposition consisted mainly of coarse sand and gravel, often affected by mild 
neotectonic movements (Rocha, 1993; Granja et al., 1999; Dinis, 2004). 
In the Aveiro region the Hercynian basement consists of micaschists and schists 
from the Proterozoic (Precambrian), with occasional gneisses and migmatites of the 
same age, and granitoids from the Paleozoic in the northern part of the Aveiro region 
(Figure 14). These units are exposed along a NNW-SSE trend and close to the Porto-
Tomar fault, east of the Ria de Aveiro. The bedrock dips westward and it is affected by 
several N-S and NNE-SSW faults that form a system of horsts and grabens (Figueiredo, 
2002; Duarte et al., 2007). 
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Figure 14. Geological map of the Aveiro region (from the Geological Map of Portugal 
1:500.000; Oliveira et al., 1992). 
 
In most of the Aveiro region, the Hercynian basement is overlain by a 
discontinuous sequence of Mesozoic sedimentary formations, with ages ranging from 
the late Upper Triassic to the Upper Cretaceous (Figure 14; Teixeira and Zbyszewski, 
1976; Rocha, 1993; Rocha and Gomes, 1995). These include the following formations: 
 The TƌiassiĐ saŶdstoŶe foƌŵatioŶ ;͞AƌeŶitos de Eiƌol͟Ϳ: ƌed saŶdstoŶes 
of late Upper Triassic age that outcrop along the eastern part of Aveiro 
region between the villages of Angeja and Requeixo, and whose origin is 
related to the weathering of rocks of the Hesperic Massif (mainly biotite 
and chlorite schists and granitoids) and the deposition of the sediments 
in a littoral platform; 
 The EaƌlǇ Loǁeƌ JuƌassiĐ saŶdǇ ŵaƌls ;͞Maƌgas da Dagoƌda͟Ϳ: ďƌoǁŶ-
reddish sandy marls formed in a littoral marine environment with 
lagoon characteristics that occur in the east and southeast part of the 
Aveiro region; 
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 The Loǁeƌ JuƌassiĐ ŵaƌlǇ doloŵitiĐ liŵestoŶes ;͞Caŵadas de Coiŵďƌa͟Ϳ: 
greyish marly sandstones, sandy marls or marly dolomites, whose origin 
is related to the deposition of terrigenous sediments eroded from a 
nearby continental margin; 
 The Mid Loǁeƌ JuƌassiĐ ŵaƌlǇ liŵestoŶes ;͞Caŵadas de “. Miguel͟Ϳ: 
greyish marly sandstones or sandy marls, deposited in a low 
hydrodinamic marine environment under transgression conditions; 
 The Late Loǁeƌ JuƌassiĐ saŶdǇ ŵaƌls aŶd ŵaƌlǇ saŶds ;͞Maƌgas de 
Eiƌas͟Ϳ: ŵarl formation deposited in a very low hydrodynamic and 
shallow marine environment, with mostly anoxic conditions, typical of a 
closed lagoon; 
 The Loǁeƌ CƌetaĐeous saŶdstoŶe ;͞Aƌeias da Palhaça͟Ϳ: ďƌoǁŶ-
yellowish medium to coarse sands, usually interlayered with clay levels 
or coarse sandy levels with pebbles, increasing clay and carbonate 
contents towards the top of the unit. It was probably deposited in a 
flooding deltaic plain with a complex network of fluvial channels; 
 The Early Upper Cretaceous carbonate foƌŵatioŶ ;͞CalĐáƌios de 
Maŵaƌƌosa͟Ϳ: ŵaƌlǇ liŵestoŶes, ŵaƌls aŶd fiŶe ŵaƌlǇ saŶdstoŶe 
deposited during the Cenomanian transgression, with the marine 
influence more evident in the coastal and central parts of the basin, 
where the dominant clay minerals indicate shallow marine waters with 
low hydrodynamism.  
 The EaƌlǇ Uppeƌ CƌetaĐeous ŵiĐaĐeous saŶdstoŶe ;͞Aƌeias do 
Fuƌadouƌo͟Ϳ: Coaƌse to ŵediuŵ ŵiĐaĐeous saŶdstoŶes ǁith soŵe 
marly-clayey levels deposited during the Turonian in a predominantly 
littoral environment; 
 The Mid Uppeƌ CƌetaĐeous saŶdstoŶe foƌŵatioŶ ;͞Aƌeias de Oiã͟Ϳ: 
clayey sandstones and sandy clays formed under a fluvial continental 
environment, due to a regressive movement of the sea during the 
Upper Turonian until the Lower Coniacian; 
 The Mid Uppeƌ CƌetaĐeous saŶdstoŶe foƌŵatioŶ ;͞Aƌeias de Veƌďa͟Ϳ – 
grey-brownish fine to medium clayey-marly sand interlayered with 
marls and marly clays deposited under a transgression period; 
 The Late Uppeƌ CƌetaĐeous ŵaƌlǇ ĐlaǇ foƌŵatioŶ ;͞Aƌgilas de Aǀeiƌo͟Ϳ - 
greyish marly clays, occasionally with an important content of sand and 
layers of marly limestone, deposited during a long regression period 
under temperate climate. This unit is roughly uniform in the Aveiro 
region, with thicknesses over 150 m near the coast; however it is not 
present in the east where the uplift led to its erosion. 
The Mesozoic sediments are overlain by Plio-Pleistocene and Holocene 
deposits. The deposits of Plio-Pleistocene age are old beach deposits and fluvial 
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terraces composed mainly of medium to coarse sands with rolled pebbles, overlain by 
a clay and clayey sand cover (Teixeira and Zbyszewski, 1976; Rocha, 1993). The 
Holocene deposits are mostly fine to medium sands divided into three different litho-
stratigraphic units (see Figure 14; Teixeira and Zbyszewski, 1976; Rocha, 1993): 
 Recent alluvial deposits – composed of sediments that range from clay 
and fine sand to coarse sand and gravel; their fluvial-marine origin is 
related to sediments transported downstream and by tidal currents; 
 Beach sands – medium sand deposits, 15 m height in maximum, that 
form the littoral sand spit and separate the ocean from the lagoon; 
 Sand dunes – Aeolian sands that form the active dunes parallel to the 
coast. 
According to Duarte (2009), there are accumulations of gas (biogenic methane) 
both in the Holocene sediments and in the Mesozoic bedrock of marls and clays, with 
most of the gas probably generated in Holocene lagoon sediments. Nevertheless, the 
location and geometry of fluid escape features in some channels follows the fracture 
pattern that affects the Mesozoic bedrock, indicating a possible deeper source of gas 
and that these fractures function as preferential pathways for fluid migration and exert 
a structural control on the gas occurrences in the ͞Ria de Aveiro͟ (Duarte et al., 2007). 
The nature and the distribution of the bottom sediments in the Aveiro lagoon 
channels are a combination of medium to fine sands with a variable content of finer 
particles (silt and clay), which increase upstream with the distance from the lagoon 
mouth. There are also some differences between the north and the south parts of the 
lagoon with the fine cohesive particles and sands, mainly, composing the northern 
channels, whereas the southern channels are composed mostly by coarse sediments 
and sands. In general, the grain size composition of the lagoon bottom sediments is 
distributed between 2 to 90% of sands, 10 to 80% of silts and 0 to 30% of clays, with 
the presence of shells in the main channels of the ͞Ria de Aveiro͟, which indicates the 
ocean influence inside the lagoon. The inner zone of intertidal flats integrates, from 
top to bottom, medium to fine sand, mixed clay silty sediments, and pelitic flats 
composed mainly by clay sandy sediments (Rocha et al., 2000). 
According to previous studies, the bottom sediment in the inlet area is mostly 
composed of medium sand (85%), followed by 9% of coarse sand, 5% of fine sand, and 
1% and lower of very coarse and very fine sand, respectively (Freitas et al., 2005; 
Plecha, 2011). Spatially, the sediment distribution is characterized by coarser sediment 
next to the north jetty, which corresponds to deeper and eroded zone, decreasing in 
size southeastwards, with the finer sediment being located close to the south jetty and 
the beach located between the central dike and the south jetty, which correspond to 
shallow and accretion zones, characterized by reduced flow velocities (see Figure 15; 
Martins et al., 2007; Plecha et al., 2010; Martins et al., 2011). 
Chapter II. Geological, oceanographic and climatic settings of the study areas 
33 
 
 
 
Figure 15. Sediment median grain size (in µm) distribution map (Martins et al., 2011). 
Coordinate system in UTM Zone 29N, datum WGS84. 
 
The sediment transport in the lagoon is essentially dominated by the tidal 
currents, fluctuating with the tidal amplitude and phase (Abrantes et al., 2005; Lopes 
et al., 2006), and showing a temporal and spatial variability. The mineral composition is 
a function of the fluvial contribution, the bottom composition, and the oceanic input 
(Abrantes et al., 2005; Lopes and Dias, 2007; Martins et al., 2011). According to Plecha 
et al. (2010), in the inlet and adjacent areas the sediment balance is also determined 
by the wave regime. The transport of sediments in suspension is in general greater 
during the winter, due mainly to severe climatic conditions, higher wind and wave 
induced current velocities, greater wind stress and larger availability of sediments, 
essentially supplied by fluvial inputs (Martins et al., 2011). Other variability in the 
sediment transport is related to tides; in fact, during the ebb and low tide the 
suspended sediment concentrations are predominantly higher when compared to 
flood and high tide periods, leading to a greater flux of sediments transported 
seawards rather than landwards (Martins et al, 2011). According to Martins et al. 
(2011), the Aveiro lagoon exports to the continental shelf mostly muddy sediments, 
composed essentially of quartz and phyllosilicates. Strong tidal currents, mostly during 
spring tides and under strong wind stress, increase the suspended sediment 
concentrations along the main channels, due to the increase of the bottom erosion 
and the advective transport of sediments (Lopes et al., 2006). Thus, the higher budget 
of sediments delivered from the lagoon to the shelf can be supplied by the rivers 
contribution during flood events or by remobilization of the bottom sediments by tidal 
re-suspension. According to Martins et al. (2011), the Aveiro lagoon acts 
simultaneously as a system that supplies fine particles to the shelf, transported mainly 
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in suspension, and as a receptor of coarser particles supplied by the fluvial and littoral 
systems. 
The Aveiro continental shelf is narrow, approximately 40 km wide, and is 
characterized by a gentle sloping surface and bathymetric lines roughly parallel to the 
coast line (Figure 16). This moderate slope is interrupted by rocky outcrops, such as 
͞PoŶtal da Caƌtola͟ aŶd ͞PoŶtal da Galega͟ ;see ƌoĐkǇ outĐƌops iŶ Figure 16), which 
represent Cretaceous carbonate complexes, and by some geomorphological features, 
such as the Aveiro Canyon (Figure 16), and is delimited westwards by the shelf-break 
at depths of around 160 m (Vanney and Mougenot, 1981). There are several 
mechanisms that play an important role in the continental shelf offshore Aveiro, such 
as nearshore processes, waves, density gradients due to the lagoon discharges, 
oceanic fronts, shelf/slope exchanges, wind stress and topographical effects; however, 
the relative significance of some of these agents may vary over a short time scale (Peliz 
et al., 2002). The distribution of the sediments on the continental shelf is mainly 
controlled by the characteristics of the sediment supply and the oceanographic 
conditions (waves, storms and ocean currents). According to Abrantes and Rocha 
(2007), terrigenous inputs are the major influence on the clay mineralogy of the 
surface sediments of the Aveiro shelf region, whose composition can be explained by 
detrital derivation from adjacent continental formations, dominated by granites and 
schist-greywakes. The direct input of clay minerals from land on the shelf is led by 
rivers discharge, the Douro River being the main source of sediments, with 
approximately 8 500x103 m3 of transported sediments per year, and the Ria de Aveiro 
lagoon contribution much less significant, with approximately 200x103 m3 of 
transported sediments per year (Alveirinho Dias, 1987; Abrantes and Rocha, 2007; 
Martins et al., 2012). The small contribution of the Vouga River leads to the conclusion 
that the majority of the Aveiro shelf sediments are supplied by the rivers located to the 
North, mainly the Douro River. However, the fluvial contribution has been decreasing 
since the last century due mainly to anthropogenic actions (e.g. dam construction, 
sand and gravel exploitation, dredging operations), leading to the increase of the 
coastal erosion, essentially beaches and dunes, in order to compensate for the 
sedimentary deficit (Ferreira and Alveirinho Dias, 1992). 
The superficial sediments of the Aveiro shelf area are dominated by sand 
particles (average 78%), with a fine fraction (<63 ʅŵͿ ĐoŶteŶt geŶeƌallǇ loǁ (3% silt 
and 2% clay in average), increasing from the coast westwards (Figure 16a). A gravelly 
fraction occurs mainly in the middle and outer shelf (Figure 16b), consisting of relict 
sediments deposited during the last glaciation (Alveirinho Dias, 1987; Alveirinho Dias 
et al., 1980; Abrantes, 1994; Alveirinho Dias et al., 2000). 
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(a) (b) 
Figure 16. (a) Fine fraction (<63µm) and (b) gravel distribution maps offshore Aveiro. The dots 
show the sample sites used by the authors to obtain the maps (Abrantes and Rocha, 2007). 
 
The nearshore sedimentary cover (depth <30 m) is composed mostly of 
moderately to well calibrated fine to very fine siliciclastic sand (63 – 250 µm). The fine 
fraction (silt and clay - <63 µm) is lower than 5% and primarily includes quartz, 
feldspars and phyllosilicates. The distribution of superficial sediments is linked to the 
hydrodynamic conditions that determine sediment transport (see conceptual model in 
Figure 17) and the geological evolution of the continental shelf associated with mean 
sea-level changes. According to Alveirinho Dias (1987), Taborda (1999), and Magalhães 
(1999), waves are the main mechanism (if not the unique) controlling the sediment 
remobilization in the continental shelf, the currents being responsible for the transport 
of the particles already in suspension. The wave action on the shelf is capable to put in 
suspension fine sediments (silt and very fine to fine sand), but its action decreases with 
depth. Close to the shore, strong wave induced currents and wave breaking are also 
important mechanisms for sediment remobilization and sediment transport. 
Moderated waves (2.5 to 3.5 m) are energetic enough to remobilize and transport 
sediment, whereas more energetic events (4.5 m) are responsible for 20% of the 
transport. In contrast to the fine sediments that are transported in suspension 
westwards, the coarser sediments are bedload transported under the action of waves 
(Figure 17; Taborda, 1999). 
The inner shelf very fine and fine sands (63 – 250 µm) are transported mainly 
by the longshore currents, usually southwards and mainly provided by the Douro River 
(Martins et al., 2012), and occasionally deposited in the inner and middle shelf. 
However, due to the high energetic characteristics of these sectors, the fine fraction 
(<63 µm), often (40% of the time) are remobilized by waves and bottom currents, and 
tend to be transported westwards, where the hydrodynamic conditions are favorable 
to a more stable deposition of clay particles, normally in the outer shelf and upper 
slope (Taborda, 1999; Abrantes and Rocha, 2007). Therefore, the coarse sand and 
gravelly deposits are identified mostly on the inner and middle shelf, transported and 
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accumulated under high-energy environments, probably during lower sea level stands 
and related to the ancient location of the Vouga river estuary and the paleo-littoral 
surfaces. For the present day distribution of sediments (Figure 16) the hydrodynamic 
conditions are not strong enough to erode these coarser sediments but they have 
enough energy to avoid the deposition of fine-grained particles keeping coarser 
deposits on the surface (Martins et al. 2012). 
 
 
Figure 17. Conceptual model of the modern sediment dispersion in the Aveiro continental 
shelf (between Porto and Mondego Cape). The arrows length denote different relative 
significance of a specific process. The grey areas represent the rocky substrate (Abrantes, 
2005). 
 
 
II.2.2. Hydrodynamic and climatic setting 
 
The hǇdƌodǇŶaŵiĐs of the ͞Ria de Aǀeiƌo͟ lagooŶ aƌe ŵaiŶlǇ dƌiǀeŶ ďǇ the ǁiŶd 
effect, the freshwater input by rivers, and the tidal energy (Teixeira, 1994; Dias et al. 
2000; Vaz and Dias, 2008). However, the contribution of the wind and the river runoff 
is lower than the tidal influence; therefore, the hydrodynamic pattern of the lagoon is 
primarily determined by tides, and this influence is detected even at the far end of 
each channel (Dias, 2001; Lopes and Dias, 2007). Tides are semidiurnal and mesotidal, 
with an average range of about 2 m at the lagoon inlet, fluctuating from 2.57 m during 
the spring tides to a minimum of 1.22 m at neap tides (Teixeira, 1994). More recent 
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studies by Dias (2001) and Dias and Lopes (2006), by applying a two-dimensional 
hydrodynamic depth integrated model, indicate maximum and minimum ranges of 
3.2 m (spring tides) and 0.6 m (neap tides), respectively. Based on the same numerical 
model, Dias (2001) estimated the tidal prism in the lagoon inlet as 136.7×106 m3 for 
maximum spring tide and 34.9×106 m3 for a minimum neap tide, with the tidal prisms 
at S. Jacinto, Espinheiro, Mira and Ílhavo channels, respectively, being approximately 
35%, 26%, 14% and 10% relative to the tidal prism at the mouth. Directly connected to 
the lagoon inlet, the S. Jacinto and Espinheiro channels are the most important 
channels from the dynamical point of view, reaching, during spring tides and flood 
periods, values of about 2 m s−1 in the sections closer to the mouth. On the contrary, 
shallow channels and tidal flat areas are characterized by very irregular geometry, 
which contributes to a strong reduction of the currents and an increase of the phase 
delay of the tidal wave (Dias at al., 1999; Lopes and Dias, 2007). In fact, tidal currents 
are strongly dependent on the local geometry and bathymetry, which leads to a tidal 
distortion inside the lagoon, with a decrease of the amplitude and an increase of the 
phase lag upstream (Dias et al., 1999). 
The flood duration is higher than the ebb duration, with differences of 
approximately 2 hours in neap tides and 1.2 hours in spring tide conditions, inducing 
gƌeateƌ ǀeloĐities iŶ eďď thaŶ iŶ flood peƌiods ;Dias et al., ϮϬϬϬͿ. The ͞Ria de Aǀeiƌo͟ is 
therefore characterized as an ebb-dominant lagoon and the residual circulation in the 
lagoon is mainly determined by the flood and ebb regime asymmetries, which results 
in a tendency to export sediments to the ocean (Lopes and Dias, 2007). Numerical 
simulations performed by Silva et al. (2006) have shown that the ebb jet extends into 
the shelf. 
The tidal regime in the lagoon is characterized by two main periodic time-
scales, the semi-diurnal, which is the dominant tidal period, and the fortnight cycle, 
which corresponds to one-half the lunar month and is associated to the spring–neap 
cycle. The semi-diurnal tidal period is the main period characterizing the sediment 
transport in the lagoon; however, the lunar month determines the net erosion and 
deposition regimes, due to fortnight variability of the currents intensity, which reaches 
extreme low and high values during neap and spring tides, respectively (Lopes and 
Dias, 2007). In fact, the tidal currents are capable to mobilize and distribute the 
sediments, being responsible for the tidal flats formation and to feed the sediments to 
the marsh. The tidal flooding is also responsible for carving the internal channel 
network and carrying marine salt into the lagoon (Teixeira, 1994). As such, the present 
geomorphology of the lagoon is the result of a complex combination of several 
pƌoĐesses, ǁheƌe the ŵost sigŶifiĐaŶt is the tide. IŶ faĐt, the ͞Ria de Aǀeiƌo͟ had, in a 
recent past, the common attributes to an estuarine environment; however, and 
aĐĐoƌdiŶg to Teiǆeiƌa ;ϭϵϵϰͿ, the hǇdƌodǇŶaŵiĐ ƌegiŵe of the ͞Ria de Aǀeiƌo͟ ǁas 
significantly altered after the 1930s, mainly due to the engineering works developed 
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on the Aveiro inlet (see section V.3) that led gradually to an increase of the tidal 
amplitude as well as the daily water outflow at the entrance. The tidal flooding 
allowed the appearance and development of the sedimentary environments of the 
lagoon evolving to a genuine coastal lagoon (Teixeira, 1994). 
Nowadays, the tidal prism is significantly larger than the fluvial input to the 
lagooŶ. The aŶŶual suƌfaĐe ƌuŶoff to the ͞Ria de Aǀeiƌo͟ lagooŶ is appƌoǆiŵatelǇ 
2.0 km3, corresponding to an average output of approximately 2.7x106 m3 for each 
tidal cycle (Teixeira, 1994), while the mean tidal prism at the mouth is about 70×106 m3 
(Lopes and Dias, 2007). The Aveiro lagoon is supplied with freshwater by a drainage 
network of about 3 685 km2, known as the Vouga hydrographic basin (Figure 18; ARH, 
2012b), which includes nine drainage sub-basins: Ovar creek, Antuã river, Vouga river, 
Angeja creeks, Aveiro creeks, Águeda river, Boco river, Cértima river, and Mira river 
(Teixeira, 1994). The main contributions from the Vouga hydrographic basin are made 
by the Vouga river, with an average flow of 50 m3 s-1 (which represents 2/3 of the total 
fresh water in the lagoon) and the Antuã river, with an average flow of 5 m3 s-1 
(Moreira et al., 1993; Teixeira, 1994; Dias et al., 1999; Dias, 2001; ARH, 2012b). 
Therefore, the rivers in this area have a small contribution in terms of freshwater 
inputs when compared with the tidal prism influence; however, they may have a long-
term influence in the residual transport (Lopes and Dias, 2007). 
 
 
Figure 18. Vouga hydrographic basin and sub-basins (adapted from Teixeira, 1994, in Duarte, 
2009). 
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Additionally to the tidal forcing and the freshwater discharge, also the wind 
affeĐts the ͞Ria de Aǀeiƌo͟ hǇdƌodǇŶaŵiĐs aŶd the ŵiǆiŶg pƌoĐesses iŶ the lagooŶ ďǇ 
generating surface shear stress and waves. Extreme conditions of strong wind may 
induce particular circulation patterns, mainly in shallow areas and wide channels (Dias, 
2001). The wind regime is characterized by north-western winds during the summer 
that change to more variable conditions during the winter, with strong variations in 
direction and intensity (Fiúza et al., 1982). 
Dias et al. (2011) characterized the wind field using a meteorological station 
located 50 km south of Aveiro (Figueira da Foz: 40°09'12.5'' N, 8°50'36.1'' W). 
According to these authors (Figure 19), the most representative values of wind speed 
are between 0 and 8 m s-1, with maximum values around 18 m s-1, blowing mainly from 
the northwest (37%) and the southeast (27%). During spring, about 60% of the wind 
records are from north, with considerable intensity, mainly the winds coming from 
NW, usually referred as 'Nortada'. This phenomenon is even more evident in the 
summer with about 70% of wind records coming from the north and the wind that 
comes from south is typically weaker. The patterns observed during the autumn and 
the winter months show higher frequency of wind records from the NW (35% in the 
autumn and 25% during the winter) and SE (30% in the autumn and 35% during the 
winter) quadrants, with the winds from the north being commonly stronger (almost 
always greater than 4 m s-1) than the south winds (frequently with intensities of 2 to 
4 m s-1; Dias et al., 2011). 
 
 
Figure 19. Wind rose diagram for the wind direction (wind blowing to) and the corresponding 
velocity based on 9 years of data, from 2001 to 2009, from a meteorological station located 
50km South of Aveiro at 40°09'12.52'' N and 8°50'36.07'' W (Dias et al., 2011 in Vaz, 2012). 
 
The complex interaction between the processes described above determines 
the hydrological regime of the lagoon as a well-mixed system, due to its vertical 
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homogeneity mainly during the dry seasons, which progressively behaves as a more 
stratified estuary upstream. After a significant rainfall and consequent increase in 
freshwater, however, the stratification becomes important near the mouth (Dias et al., 
1999). The salinity in the Aveiro lagoon is typically high, around 35, presenting its 
maximum value during high tide that falls during ebb until it reaches the minimum 
value at low tide, with a resultant residual salt transport into the lagoon (Matos, 1990; 
Teixeira, 1994).  
The adjacent coastal zone offshore Aveiro presents a highly energetic wave 
climate regime, related with the North Atlantic wind regime, with a yearly mean 
significant wave height (Hs) of 2 to 2.5 m, coming mainly from WNW to NNW (see 
Figure 20), and the wave period that ranges from 6 to 18 s, with a modal value around 
9-11 s, for every wave direction (Andrade et al., 2002). The highest waves mainly come 
from WNW and decrease as the wave origin direction rotates to the NW. The 
significant wave heights lower than 2.5 m are dominant and have a frequency of 
occurrence close to 75%, whereas significant wave heights higher than 5 m have a 
frequency of occurrence generally smaller than 5%, which roughly corresponds to the 
storm events occurrence. According to Pires (1985), there are two types of storm 
events: (1) the most common storm events are characterized by strong NW or SW 
ǁaǀes that affeĐt the Đoast foƌ oŶe to tǁo daǇs; aŶd ;ϮͿ the ͞ǁesteƌlǇ stoƌŵs͟, that 
typically occur once per year during one or two weeks when the Azores anticyclone is 
located at its most extreme southerly position, and which are responsible for the most 
extreme wave conditions observed on the northern Portuguese shelf associated mainly 
with a southerly wind regime.  
 
 
Figure 20. Offshore Aveiro wave regime illustrated by a rose diagram for the wave direction 
(waves coming from) and the corresponding significant wave height in meters and based on 
data collected from 1984 to 1996 from Figueira da Foz (40°11'08'' N and 9°08'44'' W at 92 m 
deep ZH) and Leixões (41°19'00'' N and 8°59'00'' W at 83 m deep ZH) wave directional buoys 
(Capitão et al., 1997; Costa et al., 2003 in Plecha, 2011). 
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The wave influence in Ria de Aveiro is generally restricted to the outer part of 
the inlet due to the protective effect of the two jetties that lead to a significant 
decrease of the wave amplitude inside the lagoon. Offshore the inlet and in the 
adjacent areas, the highly energetic wave climate leads to a strong littoral drift to both 
south and north directions, although on average and due to the wave predominance 
from WNW to NNW, there is a net sediment transport rate of over 1x106 m3year-1 in 
the south direction (Castanho, 1971). More recent studies indicate a littoral drift 
ranging from 1 to 3.5x106 m3year-1 southwards (Teixeira, 1994; Taborda, 1999, 
Andrade, 2002; Coelho, 2005). According to Teixeira (1994), waves higher than 6 m are 
responsible for 20% of the sediment transport.  
The climate of the Aveiro region is classified as subtropical, with an average 
temperature higher than 10ºC in more than 8 months per year, although the average 
temperature fluctuates between 6ºC during the winter and 20ºC during the summer 
(Faria and Machado, 1979; Fonseca et al., 1988; Rebelo, 1992). The average annual 
precipitation in the lagoon is about 1000 mm and approximately 75% of this 
precipitation occurs from October to March, due to the frequent presence of cold and 
maritime polar air masses which originate low pressures over the Atlantic coast, 
whereas in the summer trimester only occurs 5% of the whole precipitation, prevailing 
the arid conditions due to the northwards movement of the Azores anti-cyclone, which 
carries with it the precipitation front (Manso et al., 1996). 
 

  
 
 
 
 
 
 
 
 
Chapter III. Fundamentals of the applied 
methodology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter III. Fundamentals of the applied methodology 
45 
 
This Chapter introduces the fundamentals of the geological and geophysical 
methods and the physical oceanographic modelling procedures applied in this thesis. It 
includes a review of the basic principles of echo-sounding techniques, in particular 
single and multibeam systems, sidescan sonar (including both data processing and 
interpretation), grain size analysis, and MORSYS 2D the morphodynamical model used 
for non-cohesive sediment dynamic simulations in coastal areas driven by tides, wind, 
river flows and waves. 
 
 
III.1. Echo-sounding systems 
 
Echo-sounders, derived from military sonars, are the most widespread acoustic 
systems used for hydrography and seafloor mapping, since the 1920s. These systems 
measure the depth by generating a short pulse of sound, or ping, emitted from the 
sea-surface or from a towed instrument, and then registering the echo of the pulse 
from the seafloor (Jones, 1999). The time (t) between the transmission of the pulse 
and the return of its echo (TWT – two way time) can be converted into distance, in this 
case depth (d), knowing the speed of sound in water (Vw) and using the Equation (1): 
 
wv
2
t
d 
     (1) 
 
Sonars use piezo-electric ceramic transducers that can repeatedly produce 
acoustic pulses with precise, controllable, and repeatable characteristics. In fact, an 
echo-sounder uses specific voltages to cause the piezo-electric projector to oscillate, 
transmitting a pressure wave with specific frequency characteristics that expands 
spherically into the water (for constant sound speed). The return of the sound pulse is 
detected by a hydrophone that converts the physical oscillations made by the sound 
waves (pressure) into voltages (Seippel, 1983; Seabem Instruments, 2000).  
The received signal (RS), which represents the strength of the measured echo 
that returns from the amount of acoustic energy put into the water by the acoustic 
source (source level – SL), can be represented by the Sonar Equation (2).  
 
DIDT-NLBS2TLSLRS      (2) 
 
The sound pulse expands spherically from the source, being spread over a 
wider area with depth causing a drop in energy per unit area, called spreading loss, 
that together with the attenuation loss (derived by the absorption), are known as 
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transmission loss (TL). When the sound wave strikes the ocean bottom the energy is 
transmitted into the seafloor, reflected by the ocean bottom, or scattered back into 
the water. The fraction of incident energy per unit area that is directed back in the 
direction of the transducer is called the backscattering strength (BS) of the bottom (see 
section III.2.2). During the ping generation, propagation, echoing, and reception, other 
sources of sound add to the final received signal forming the so-called noise level (NL), 
which includes ocean sounds (waves, for example), marine creatures, shipboard 
sounds, and also noise from the sonar electronics. The detection threshold (DT) is a 
system-dependent parameter which establishes the lowest level above which the 
echo-sounder can detect the returning echoes; the directivity index (DI) is a measure of 
the focusing of the acoustic energy into a narrower beam in order to improve sonar 
efficiency (Urick, 1983 in Jones, 1999; Nishimura, 1997; Seabem Instruments, 2000).  
Echo-sounders can be divided into single-beam (SBES), limited to the basic 
geometry of one single vertical beam, and multibeam (MBES), using multiple beams; 
the later are able to cover a large swath width simultaneously (Figure 21). SBES 
requires only a single transducer, for both transmission and reception, but a 
transducer array is normally used when stabilization is required; MBES use transducer 
arrays built up from several elements to produce a wide beam. The MBES is a result of 
the need for beam forming in multiple directions and also beam steering to 
compensate for platform attitude (IHO, 2005). 
 
 
(a) (b) 
Figure 21. Sketch of water column ensonification by: (a) a SBES (a vertical conical lobe); and (b) 
a MBES, presented here with two adjacent fan-shaped sectors (Lurton and DeRuiter, 2011). 
 
 
III.1.1. Single-beam echo-sounder (SBES) 
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The single-beam echo-sounder (SBES) systems were the earliest and are still 
nowadays the most widely used echo-sounding devices. They can be used to measure 
the ocean depth at many locations, which are then combined to build bathymetric 
maps of the ocean floor (Seabem Instruments, 2000). SBES operate at various 
frequencies, that typically range from 12 to 200 kHz, although some systems dedicated 
to very shallow waters may work with frequencies as high as 700 kHz (Lurton and 
DeRuiter, 2011).  
SBES systems consist of four basic components: a transmitter, a transducer, a 
receiver, and a control and display system. The control and display system triggers the 
transmitter system to produce a sound pulse, which generates an oscillating electric 
signal with unique frequency characteristics. The transducer converts this electrical 
energy into sound waves that are then transmitted into the water as an oscillating 
pressure. The return echo from the seafloor is received and converted back into an 
electrical signal by the transducer and passed to the receiver system, where it is 
amplified; the time between transmission and reception is used to compute the depth, 
see Equation (1), which is recorded by the control and display system that then triggers 
the next ping (Seabeam Instruments, 2000). The sound pulse produced by the 
transducer is not transmitted in all directions; instead, the acoustic energy is projected 
into the water in the form of a vertically oriented beam (IHO, 2005). The most 
common geometry is a conical vertical beam (Figure 21a), with a fixed aperture of a 
few degrees (most commonly between 5° and 15°), which is usually not steerable 
(Lurton and DeRuiter, 2011). The beam width is a function of the transducer 
dimensions and the acoustic wave length: the higher the frequency and the larger the 
transducer is, the narrower the beam will be; therefore, to have a narrow beam in low 
frequencies, a large transducer is required (IHO, 2005). The transducer selected for a 
SBES may have a narrow beam when high directivity is required, although when 
directivity is not the main concern but the detection of minimum depths or obstacles 
on the seafloor is the priority, a wide beam is more adequate (IHO, 2005). 
The size of the solid angle beam determines how accurately a beam sonar can 
determine the location of the measured depth at the seafloor and therefore the 
resolution of the sonar. The resolution, related to the area ensonified by the beam, is 
not fixed, being larger as the ping goes deeper (wave spherical divergence). In general, 
the bottom ensonified area is proportional to the beam solid angle and to the square 
of the depth (Seabeam Instruments, 2000). 
 
III.1.2. Multibeam echo-sounder (MBES) 
 
Originally, multibeam echo-sounder (MBES) systems consisted of an extension 
of single-beam echo-sounders with arrays of sonar projectors producing acoustic 
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pulses not only along the track, but also for a significant distance across to the ship 
track. Nowadays, instead of lines of single soundings, the MBES systems produce a 
swath of soundings (Figure 21b) that can be, in modern deep-water systems, up to 7 
times the water depth. Therefore, these systems are the most valuable tool for depth 
determination when full seafloor coverage is required, since they allow complete 
seafloor ensonification with the consequent increase in resolution and detection 
capability. In addition, MBES systems, besides acquiring bathymetry data, also very 
efficiently provide an acoustic backscatter image of the seafloor (similar to those 
provided by sidescan sonar systems – see section III.2; IHO, 2005; Lurton and DeRuiter, 
2011). 
In these systems, the transmitter (projector) creates a transverse narrow 
ensonified beam that is wide across-track and narrow along-track. The receiver 
(hydrophone) is set up perpendicular to the transmitter, so that the reading areas are 
narrow across-track and wide along-track. The intersections of these beams/areas with 
the seafloor plan are the ensonified areas, named footprints, for which the depths are 
measured. The position of each footprint is then accurately deduced from the travel 
time and the angle of reception (IHO, 2005; White et al., 2007). 
The operational principle of a MBES system is therefore based on the 
transmission of a short pulse, fan shaped and perpendicular to the vessel track, 
composed by several beams that are electronically formed with known angles by using 
signal processing and beam forming techniques. In the most recent models, several 
adjacent sectors can be transmitted simultaneously (Figure 21b), hence widening the 
along-track angular aperture and requiring transmission at several different 
neighboring frequencies (IHO, 2005; Lurton and DeRuiter, 2011). Multibeam systems 
are able to determine the depth by accurately measuring the two-way travel time and 
the angles of reception, and tracing the ray path for each beam (IHO, 2005; White et 
al., 2007). For an accurate computation of depth and its associated positioning, 
ďeĐause ŵultiďeaŵ tƌaŶsduĐeƌs aƌe fiǆed to a ǀessel’s hull aŶd, theƌefoƌe suďjeĐted to 
a six possible degrees of freedom (three translations and three rotations), accurate 
measurements of latitude, longitude, heave, roll, pitch and heading are required (IHO, 
2005). 
 
 
III.2. Sidescan sonar systems 
 
The present day sidescan sonars are based on systems built during World War 
II, which emitted sound pulses from sideways-looking transducers to detect 
underwater objects, such as submarines, from their echo returns (Jones, 1999). During 
the 1950s a group of British scientists realized that bottom irregularities produced 
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clear echoes, thereby discovering the potential of this technique to study the 
continental shelves and seafloor (Jones, 1999); in the late 1950s the first commercial 
sidescan sonar was built (Xu, 1998). 
Sidescan sonars, along with single and multibeam echo-sounders, are acoustic 
remote sensing methods to image the seabottom (Henriques et al., 2012). Sidescan 
soŶaƌs aƌe pƌiŵaƌilǇ desigŶed to pƌoǀide ͞aĐoustiĐ iŵages͟ of the seaflooƌ ǁith high 
resolution. In marine geoscience, they are used to obtain a near-visual representation 
of the geological facies of the seafloor. Additionally, sidescan sonars are useful tools 
for target detection, such as for example ship wrecks, pipelines and cables. 
Typically, a sidescan sonar system consists of a displaying and recording unit, 
ĐoŶŶeĐted to aŶ uŶdeƌǁateƌ seŶsoƌ, Đalled soŶaƌ oƌ ͞towfish͟, ďǇ aŶ eleĐtƌo-
mechanical cable. The sonar has two transducers (linear array of piezo-electric 
elements), one per side (port and starboard), that emit pulses in a fan-shape beam 
(Figure 22), designed to be narrow along-tƌaĐk ;θ ≈ Ϭ.Ϯ - 2º), to allow a high resolution, 
and wide across-track, ensuring coverage (ϕ ≈ ϰϬ - 70º; Xu, 1998; Jones, 1999). 
Furthermore, the main axis of the beam is typically angled 10-20º down from the 
horizontal, to cover as much seabed as possible. The sound directionally and intensity 
is expressed by the beam pattern shape, known as directivity, which is dependent of 
the shape and dimension of the transducer arrays and the frequency used. Each 
emitted pulse will ensonify a thin bottom strip, called footprint, perpendicular to the 
movement direction of the sonar. The magnitudes of the bottom echoes for the 
ensonified strip originate a scan line of the seafloor. With the moving of the sonar, the 
scan lines are accumulated ping by ping, forming an acoustic image of the seafloor (Xu, 
1998). 
In order to ensure a full coverage, no gaps between ensonified areas from two 
successive pings should exist (Lurton, 2002). This complete coverage condition 
depends on the transducer length, the vessel speed, and the ping rate. The ping rate, 
fp, can be estimated by dividing the water sound velocity c, by the double of the 
selected range R, Equation (3). 
R
cf p 2
        (3) 
For a constant transducer length L, a ping rate (determined by the selected 
range) allows a complete coverage when a maximum vessel speed, νmax, Equation (4), 
is not exceeded.  
R
cLfL p 2
. 
.max 
     (4) 
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Figure 22. Pulse geometry in perspective view for a conventional sidescan sonar system. In the 
illustƌatioŶ θ aŶd φ ƌepƌeseŶt, ƌespeĐtiǀelǇ, the hoƌizoŶtal aŶd ǀeƌtiĐal ďeaŵ aŶgles, R the 
range,  the pulse length, and c the sound speed (modified from Xu, 1998). 
 
For greater seabed depths the ping rate must decrease to cope with the longer 
range involved. In such cases, the vessel speed may be slowed down in order to 
maintain the total coverage along the study area. 
The frequency (f) and the wavelength (λ) of the signal are the main operational 
parameters used to characterize the acoustic systems. These parameters are related 
by Equation (5), where c corresponds to the sound velocity in water.  
      (5) 
As the attenuation increases with the frequency, lower frequencies allow 
energy to travel larger distances, but provide lower resolution than higher frequencies 
(Table 1). Consequently, low frequencies (e.g. 1-25 kHz) may be used to survey large 
and deep areas with lower resolution, whereas high frequency systems (e.g. 500-
1000 kHz) are more appropriate for detailed (high resolution) studies, surveying 
shallow and smaller areas. 
 
Table 1. Sidescan sonar system characterization according to the operating frequency, f, and 
ǁaǀeleŶgth, ʄ ;USGS, 2014). 
Frequency Resolution Wavelength Range 
1 kHz Low 1.5 m >100 km 
10 kHz Low 15 cm 10 km 
25 kHz Low 6 cm 3 km 
50 kHz Medium 3 cm 1 km 
100 kHz Medium 1.5 mm 600 m 
500 kHz High 3 mm 150 m 
1000 kHz High 1.5 cm 50 m 
f
c
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III.2.1. Resolution 
 
The acoustic pulses in a sidescan sonar system are emitted at specific ping rates 
(fp, in Hz) and pulse lengths (, in milliseconds). The width of the pulse (see Figure 22) 
is half of the product of the pulse length and the sound speed (c/2); therefore, a short 
pulse will produce a narrower pulse resulting in a higher resolution acoustic image 
(Blondel, 2009). When the pulse interacts with the seafloor, the size and shape of the 
ensonified area – footprint – will depend on the range, which determines the 
resolution.  
The spatial resolution of a sidescan sonar system corresponds to its capability to 
distinguish two or more close objects and can be split into two perpendicular 
components: (1) the along-track resolution, defined as the minimum distance between 
two objects located parallel to the direction of the sonar movement that can be 
distinguished as separated entities in the sonar image; and (2) the across-track 
resolution, that corresponds to the minimum distance between two objects located 
perpendicularly to the line of travel that can be distinguished as separated entities in 
the acoustic image (Blondel, 2009). 
The resolution in the along-track direction, Δx (Equation (6) and Figure 23), it is 
strongly dependent on the horizontal beam angle θ (in radians) and the range R 
(Nishimura, 1997; Jones, 1999). 
.Rx       (6) 
According to Equation (6), Δx increases with the distance to the transducer (R), 
which means that the along-track resolution of a sidescan sonar, working under the 
same operational conditions, degrades with the range (Figure 23). Therefore, two 
objects will be detected as individual entities if they are separated by a distance which 
is less than the spread of the sonar beam (Δx) at a specific range. 
The across-track resolution Δy (Equation (7) and Figure 24), depends on the pulse 
length τ, the sound speed in the water column c, and the incidence angle β (Nishimura, 
1997; Quinn et al., 2005; Blondel, 2009). 


cos.2
. cy 
      
(7) 
According to Equation (7), ΔǇ deĐƌeases ǁith the deĐƌeasiŶg of the iŶĐideŶĐe 
angle β, what means that the across-track resolution of a sidescan sonar, working 
under the same operational conditions, is better further away from the sonar (Figure 
24). 
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Figure 23. Illustration (plan view) showing that the along-track resolution depends on beam 
spreading and, therefore, it is better near the nadir (modified from Mazel, 1985). 
 
 
Figure 24. Illustration (vertical section view) showing that the across-track resolution increases 
with range (modified from Mazel, 1985). 
 
 
III.2.2. Acoustic scattering 
 
Most of the incident energy that reaches the seafloor is reflected in the 
specular direction (reflection), some is lost in the seabed (absorption), some is 
scattered, and only a very small portion is scattered back toward the sonar as 
backscatter (Figure 25; Nishimura, 1997; Blondel, 2009). 
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Figure 25. Schematic diagram indicating what happens to the incident energy when it reaches 
the seabed (modified from Mazel, 1985).  
 
The intensity of backscattering from the seafloor is governed by the 
backscattering coefficient, Sb, Equation (8), which is the ratio of the intensity of sound 
scattered, Pb, and the intensity of the incident wave, Ii, in the ensonified area of the 
seabottom, A (Urick, 1983 in Jones, 1999). 
AI
S
i
b
.
P b       (8) 
The backscattering coefficient is closely related to the properties of the seabed 
materials, such as roughness, sound velocity and density. Roughness can be simply 
described by the Rayleigh parameter, r, which depends on the wavenumber, k=2π/λ, 
the ƌoot ŵeaŶ sƋuaƌe of the ďedfoƌŵs’ height, H, and the incidence angle, β, Equation 
(9). If the Rayleigh parameter is significantly smaller than 1, the surface is smooth and 
acts as a specular reflector, all the incident energy is reflected. For values significantly 
higher than 1, the surface is rough and acts as a scatterer, producing omnidirectional 
energy, which includes the backscatter component (Jones, 1999). 
sin.kHr 
 
     (9) 
The backscattering is affected, in decreasing order of significance, by the 
geometry of the sonar-target system (angle of incidence, seabed slope and angle of 
returning of the acoustic wave); the physical characteristics of the seabottom, such as 
the micro-scale roughness; and the intrinsic nature of the seabed, such as its 
composition and density (Blondel and Murton, 1997; Nishimura, 1997; Blondel et al., 
1998). According to Urick (1983, in Davis et al., 1996), the backscatter strength is a 
function of the bottom roughness, grain size, and volume scattering. In fact, as noted 
by Blondel (2009), the volume scattering should not be neglected. In case of sediments 
there may be penetration of sound through the seabed causing reverberation which 
can also be a significant contribution to the total energy returned – volume scattering 
(Jones, 1999). The volume scattering depends not only on the type of seabed, but also 
Chapter III. Fundamentals of the applied methodology 
54 
 
on the possibility of penetration at the frequencies used. In fact, a seafloor can appear 
smooth at a certain wavelength and rough at another wavelength, because of buried 
objects or bioturbation, for example (Blondel, 2009). 
Slopes facing toward the sonar produce stronger backscatter images than 
slopes facing away from the sonar. Similarly, a smooth surface scatters mostly along 
the specular direction, presenting a very low backscatter, and a rougher surface, 
because it has micro-surfaces facing toward the sonar, presents a higher backscatter. 
Therefore, gravelly bottoms appear acoustically brighter than muddy seafloors 
(Blondel, 2009). 
In the absence of significant bathymetric variations and in case of 
unconsolidated sediments, it is commonly assumed that the grain size is the dominant 
factor affecting the backscatter strength. According to Davis et al. (1996), variations in 
relative backscatter strength correspond directly to changes in the grain size and 
composition of the superficial sediments. Coarse sediments cause higher backscatter 
strength than fine sediments and sediments that are coarse-grained sands with high 
carbonate contents have higher relative backscatter intensities (Davis et al., 1996; Goff 
et al., 2000; Collier and Brown, 2005). Goff et al. (2000) also establish a very strong 
degree of correlation between backscatter strength and the mean grain size, but they 
conclude that such correlation is strongly dependent also on the shape of the grain-
size frequency distribution; therefore such a clear correlation is only possible for a 
unimodal distribution with a good sediment sorting. Also topography effects need to 
be taken into account as they affect the backscatter intensity, as already referred 
above. 
 
III.2.3. Data processing 
 
The digital processing of sidescan sonar data consists of several steps, which 
may be grouped in 3 main categories: pre-processing, processing and post-processing 
(Blondel and Murton, 1997; Blondel, 2009). The pre-processing corresponds to the 
preparation of raw data for processing and consists of smoothing of the navigation 
data and corrections for horizontal offsets of the towfish relative to the GPS-antenna. 
The processing step comprehends the radiometric and geometric corrections, 
discussed below, and the mosaicking, which transform the raw data into images that 
correspond to correct representations of the seafloor. Additionally, post-processing 
procedures correspond to advanced image analysis techniques, such as computation 
of image statistics, contrast enhancement, multiple reflections removal and automatic 
classification (Blondel and Murton, 1997; Blondel, 2009). 
The geometric corrections rectify the discrepancies between the relative 
position of features on the sonar image and their real position at the seabed (Cobra et 
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al., 1992; Chavez et al., 2002). Some of the geometric distortions that need to be 
corrected are (1) the water column offset, (2) the slant-range effect; (3) variations of 
the sound speed in water; (4) the anamorphic ratio; and (5) variations in the trajectory, 
speed, or orientation of the towfish (Cobra et al., 1992; Chavez et al., 2002; Capus et 
al., 2007; Blondel, 2009): 
(1) Sidescan sonar systems start recording data as they transmit the acoustical 
wave; therefore, there are a set of pixels on the center of the swath that do not have 
information about the seafloor, but correspond to the water column below the 
transducers (Figure 26). The removal of this blind zone is done by detecting the first 
return from the seafloor, through bottom-tracking, and represents one of the first 
steps in the sidescan sonar processing flow (Chaves et al., 2002). 
(2) Another geometric effect in the sidescan sonar data is manifested in the across-
track direction and is called slant-range distortion. This effect occurs because the sonar 
system measures the time for a transmitted pulse (Ti) to travel, at a certain speed (c), 
from the transducer to the seafloor and the same way back – Equation (10). Therefore, 
the features in a raw sidescan sonar image are positioned according to the slant range 
(Ri) and not to the ground range (Di), which results in a more compressed image in 
near-range areas than in far-range areas (Blondel, 2009). For example (Figure 27), two 
targets close to the nadir (D1 and D2) are going to be associated with nearly identical 
slant ranges (R1 and R2). However, two targets at far range (D3 and D4), at the same 
distance from one to another, are going to be associated to with slightly different 
slant-ranges (R3 and R4) and therefore placed further apart in the sidescan sonar image 
(R2-R1< R4-R3). 
2
i
i
cTR 
      (10) 
The slant range correction consists in a repositioning of the pixels from their apparent 
position, based on the slant range distances, Ri, to their real position, based on the 
ground range, Di, Equation (11). This correction assumes a flat seafloor in the across-
track direction, which may introduce errors mainly in areas of high relief (Blondel, 
2009). Therefore, if bathymetric data is available, it should be included in the later 
stages of processing. 
222
2
2
HRHcTD iii 


   (11) 
(3) Variations of the speed of sound in the water column are caused by differences 
in water temperature, pressure and/or salinity and generate the refraction of the 
sound waves. These type of distortions are mainly observed at longer ranges and are 
less frequent in high frequency and high resolution systems (Cobra et al., 1992). 
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(a) (b) 
Figure 26. Sidescan sonar line acquired in Aveiro lagoon (a) Raw data; (b) After water column 
offset removal, slant-range effect correction and beam angle compensation (Pinheiro et al., 
2011). 
 
 
Figure 27. Slant range effect illustration in a vertical section view: two pairs of targets at the 
same distance from each other (D2-D1=D4-D3) are going to appear in the sidescan sonar register 
closer at near ranges and farther at far ranges (modified from Blondel, 2009).  
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(4) The anamorphic ratio effect results from a different pixel spatial resolution 
between the along and the across-track directions. The along-track spacing is defined 
by the width of the horizontal beam on the ground or the distance travelled by the 
transducer during the reception interval, whichever is smallest; therefore the variation 
in the towfish speed is one of the parameters that can affect the spatial resolution in 
the along-track direction. The correction of the anamorphic ratio between the along 
and the across-track directions – called anamorphosis produces an image in which the 
inter-pixel spacing is the same across and along-track. The result is an image in which 
features are correctly represented with a 1/1 aspect ratio (Chavez et al., 2002; Blondel, 
2009). 
(5) Ideally, the sonar would be towed above the bottom at a constant speed, in a 
straight trajectory, and free of motion instabilities (either rotational - pitch, roll and 
yaw - or translational - surge, sway and heave). However, in practice, the towfish is 
often subject to variations in the trajectory, speed, and/or orientation, as a result of, 
for example, the effect of wind and sea currents, causing important geometric 
distortions in the sidescan sonar data (Cobra et al., 1992). The correction of these 
distortions, related with towfish motion instabilities, usually requires knowledge of the 
towfish attitude parameters (needs sonars equipped with attitude sensors) or assumes 
that the towfish follows the variation in course of the towing vessel, which are 
determined from navigation data (Cobra et al., 1992). 
While geometric corrections change the spatial position of a pixel, radiometric 
corrections change the return signal amplitude assigned to a certain pixel (Chavez et 
al., 2002). Radiometric corrections include (1) beam pattern compensation and (2) 
noise removal (Fonseca, 1996; Chavez et al., 2002; Blondel, 2009; Chang et al., 2010): 
(1) Across the swath, the amount of sonar energy hitting the seabed and the angle 
at which the sonar wave hits the seafloor vary with the distance from the towfish. 
Therefore, because raw sidescan sonar data corresponds to the scattered energy 
returned from the seabed, both the amount of incident energy and incidence angle will 
affect the data. The result is generally a strong response near the towfish nadir and a 
weak response at the outer edge of the swath (Chang et al., 2010). To compensate for 
this uneven illumination, it is important to know the energy distribution as a function 
of the incidence angle, which can be assessed by estimating the average of the energy 
levels for each angle over the whole data series. The inverse of this average can be 
applied as a correcting factor for this beam pattern distortion (Chang et al., 2010). 
 
(2) Other radiometric distortions that can affect the sidescan sonar data are the 
speckle and striping noises. The speckle noise corresponds to high amplitude single 
echoes (Blondel, 2009) and the stripping noise is related to very low amplitude echoes 
strips in the across-track direction, as a result of pitch movements of the towfish. The 
correction of these artifacts can be done by applying a spatial filtering procedure.  
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After the geometric and radiometric corrections are applied to the individual track-
lines, the data is prepared for the creation of geo-referenced sidescan sonar images 
representative of the seafloor – this processing step is called mosaicking (Chavez et al., 
2002). After processing and mosaicking, the sidescan sonar data are ready for 
interpretation. 
 
 
III.2.4. Sidescan sonar data interpretation 
 
Sidescan sonar techniques have been used in the last years by several authors 
for seabed mapping, bedforms identification, dredging operations and object 
detection: Boos et al. (1999), Brissette and Clarke (1999), Dartnell and Gardner (2004), 
García-Gil et al. (2000), Quaresma et al. (2000), Huvenne et al. (2002), Quinn et al. 
(2005), Lankneus and Jonghe (2006), Lafferty et al. (2006), McMullen et al. (2008). 
Backscatter techniques have been also widely used for habitat mapping by Blondel 
(2008), Brown and Blondel (2009), Le Bas and Huvenne (2009), among several others. 
In fact, sidescan sonar data interpretation can give important indications about the 
morphological and sedimentological character of the seafloor, in particular relating to 
the bottom relief, bedforms and the superficial sediment distribution (type, 
composition, texture and structures orientation), as well as about the presence of any 
anthropogenic objects on the seabed, and allows carrying out, among others, the 
following tasks (Riddy and Masson, 1996; Neto, 2001; Blondel, 2009): 
• “upeƌfiĐial sediŵeŶt mapping; 
• OutĐƌop ŵappiŶg; 
• IdeŶtifiĐatioŶ of faults aŶd otheƌ ŵoƌphologiĐal liŶeatioŶs oƌ featuƌes ǁith 
superficial expression; 
• AŶthƌopogeŶiĐ oďjeĐt deteĐtioŶ ;e.g. shipǁƌeĐk aŶd pipeliŶesͿ; 
• Ripples, megaripples, sand waves and prevailing currents identification; 
• BeŶthiĐ haďitat ŵappiŶg. 
The sidescan sonar mosaic images represent the backscatter intensity, which 
depends on the reflective nature of the seafloor and the orientation of the bottom 
features or topography (see section III.2.2). The result is a representative image of the 
seafloor, which makes the sidescan sonar images suitable for identification and 
interpretation of seabed features, according to the study aims (Riddy and Masson, 
1996). It is however important to keep in mind that the mosaic images are artificial 
seabed views, reconstructed from the backscatter. For example, the material reflectors 
and the topographical reflectors may often produce a similar result on the sonograph 
and it is up to the operator to interpret the image carefully in order to determine the 
actual composition of the seabed (Kenny et al., 2001). Therefore, sidescan sonar 
Chapter III. Fundamentals of the applied methodology 
59 
 
mosaic interpretation requires experience, and preferably some knowledge about the 
study area, in order to better classify the seabottom features and identify possible 
artifacts (Riddy and Masson, 1996). Of course, groundtruthing through sediment 
sampling is absolutely required to calibrate the sidescan sonar interpretation based on 
the backscatter intensity. 
Usually, more reflective bottoms (high backscatter), like harder features or 
gravelly bottoms, are represented as lighter tones, while less reflective bottoms (low 
backscatter) are shown as darker tones. The causes for darker tones on a sonar record 
may be grouped in 3 main categories: 
• “ediŵent type that provides less backscattering of the sonar beam, such as 
soft or smooth bottom sediments; 
• “eaflooƌ oƌieŶtatioŶ that pƌoǀides less ďaĐksĐatteƌ, suĐh as aŶ aƌea iŶĐliŶed 
away from the towfish; 
• “hadoǁ zoŶes geŶeƌallǇ ŵeaŶ aďseŶĐe of eŶeƌgǇ ƌeturn, associated to 
topographic features on the terrain (both positive and negative) or objects at 
the bottom (Figure 28). 
 
Shadows are often one of the most important interpretation tools, providing a 
three dimensional assessment of features on a two dimensional sonar record. 
Shadows are therefore of extreme importance and the interpreter can use their 
position, shape and intensity to interpret the sonar records and determine object 
height and vertical geometry (Kenny et al., 2001). The shadows intensity also may give 
some important information about the character of the objects: some bottom 
features, such as a gentle upward localized slope or an acoustically translucent object, 
cause only a slight shadow in the sonar record; however, other objects, such as rocks, 
berforms or shipwrecks, can cause a strong shadow. 
As mentioned above, besides features identification, the shadows also allow to 
estimate the object height. The acoustic energy path from the sonar until reaches the 
seafloor is relatively straight, and therefore a right triangle with the angles at the 
sonar, the nadir (right angle) and the tip of the feature shadow is formed (Figure 29). 
The feature of interest intersects the base and the hypotenuse of this triangle, forming 
a smaller right triangle, which is geometrically similar to the other one. According to 
the Thales Theoƌeŵ, the taƌget’s height ŵaǇ ďe estiŵated ďǇ the pƌoduĐt of the 
acoustic shadow length (S) and the height of the towfish (H) above the seabed, divided 
by the slant range (Sr) from the sonar to the end of the feature shadow (Figure 29 and 
Equation (12); Kenny et al., 2001). This estimation is generally accurate in normal sonar 
operations; however, when operating in unusual conditions, such as severe water 
stratification that induces the ray path refraction or the presence of other targets that 
affect the primary target's shadow, the interpretation should be done more carefully. 
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Figure 28. Illustration (vertical section view) showing the shadow formation. 
 
 
Figure 29. Illustration (vertical section view) showing object height estimation from the 
shadow size recorded in a sonograph, according to Thales Theorem.  
 
rS
HSH .0       (12) 
Several works have demonstrated the dependence of the acoustic backscatter 
variations on the sediment grain-size distribution. Davis et al. (1996) investigate the 
relationship between spatial variations of the properties of seafloor sediments and 
acoustic backscatter, concluding that acoustic backscatter strength also correlates 
directly with the carbonate content of the sediments, because large, irregularly 
shaped, carbonate particles affect both the mean grain size of the sediments and the 
roughness of the surface of the seafloor. Blondel et al. (1998) presented a method of 
textural analysis (TexAn technique) that enables quantitative assessments of sidescan 
sonar imagery, at all stages of processing and in all conditions. Goff et al. (1999) 
showed that, under well-controlled circumstances, a degree of correlation can be 
obtained; however, since backscatter intensity is influenced by several factors 
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including slope, surface roughness and volumetric heterogeneity, its interpretation is 
often difficult. Preston et al. (2004) described techniques, based on amplitudes and 
texture, for automated classifications of sidescan sonar images. Collier and Brown 
(2005) studied the dependence of acoustic backscatter on sediment grain size 
distribution, finding a positive correlation between mean backscatter intensity and 
mean grain size and also between the standard deviations of the backscatter and grain 
size distributions, meaning that poorly sorted sediments present the most variable 
backscatter. 
Sidescan sonar is also an important tool for the study of sedimentary bedforms 
(see for example Chapter V). Ocean currents interact with bottom sediments of various 
grain sizes and compositions to produce a variety of bedform types and dimensions. In 
fact, the transport of sediment in bedload or close to the bed by waves and by 
combined wave and current flow leads to the development of characteristic forms on 
the bottom surface, such as ripples, megaripples or dunes, sand waves, sand ridges, 
shorelines, and subsurface channels (Davidson-Arnott, 2010). 
The creation and morphology of the bedforms have been studied in wave tanks 
and oscillatory tubes by Mogridge and Kamphuis (1972), O’Donoghue and Clubb (2001) 
and van derWerf et al. (2006), as well as in the field, by Inman (1957), Clifton et al., 
(1971), Miller and Komar (1980), Sherman and Greenwood (1984), Osborne and 
Vincent (1993), and Swales et al. (2006). The bedforms’ morphology seems to be 
mainly controlled by the diameter of the sediment, the shear stress exerted on the 
bed, the flow depth, and the velocity asymmetry in the waves or combined wave and 
current flow (Davidson-Arnott, 2010). Several experiments have demonstrated the 
sequences of bedforms produced as these parameters are varied. Harms et al. (1975), 
for example, showed the stability fields of bedforms for flow depths of about 20 cm 
(see Figure 30, Miall, 1990). 
 
Figure 30. Bedforms stability fields in sand and silt in a flow depth of 20 cm (adapted fron 
Harms et al., 1975 in Miall, 1990). 
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Ripples, megaripples, and sand waves are bedforms associated with sediment 
redistribution that occur on non-cohesive surfaces as undulations oriented transverse 
to the main direction of water flow (Blondel, 2009). The classification of these 
bedforms regarding the size is not completely uniform, although dunes are larger scale 
bedforms than ripples (Table 2; Turcker, 1982). 
 
Table 2. Bedform classification based on size (wavelength, L, and height, H) and according to 
different authors (Turker, 1982; Elliot, 1978; Bird, 2008). 
 Wavelength (L) Height (H) According to 
Wave ripples 9 mm – 2 m 3 mm – 25 cm Turcker (1982) 
Current ripples < 60 cm < 6 cm Turcker (1982) 
Dunes or megaripples 
1 – 10 m (or more) 
Several meters 
> 50 cm 
< 1 m (or more) 
Turcker (1982) 
Bird (2008) 
Sand waves or bars 
Hundreds of meters 
30 – 500 m 
Several meters 
1.5 - 15 m 
Turcker (1982) 
Elliot (1978) 
 
Ripples may be formed either by wave action, or by currents, or by a 
combination of both processes (Bird, 2008). Wave-formed ripples are usually 
symmetrical and parallel, shaped by eddies that form as a wave passes, separating, 
steepening and sharpening the ripple crests (Bird, 2008); asymmetrical varieties do 
occur and may be difficult to distinguish from straight-crested current ripples (Turker, 
1982). The crests of wave-formed ripples are generally straight and crest bifurcation is 
common. Wave length is affected by sediment grain size and water depth; larger 
ripples occur in coarser sediment and deeper water (Turker, 1982). Ripples produced 
by pure oscillatory flow are well studied and understood; however it is still very 
difficult to predict bedform type and dimensions in the highly variable flows in the 
breaker and surf zones where wave motion is highly asymmetric and where the 
contribution of unidirectional flows varies rapidly both temporally and spatially 
(Davidson-Arnott, 2010). 
Current ripples are produced by unidirectional currents so they are asymmetric 
with a steep lee side and gentle stoss side (Dunbar and Rodgers, 1957; Turker, 1982). 
Their axes are approximately at right angles to the current with a steeper face away 
from the current (Dunbar and Rodgers, 1957; Bird, 2008). According to Turker (1982), 
current ripples do not form in sediment coarser than 0.6 mm diameter (coarse sand). 
On the basis of shape, four types of current ripples are common: straight crested, 
sinuous or undulatory, catenary and linguoid ripples (Figure 31). Lunate ripples do 
occur but are rare. With the increasing flow velocity of the current and the decreasing 
of flow depth, straight ripples pass into linguoid ripples via the transitional sinuous and 
catenary ripples (Turker, 1982; Miall, 1990).  
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Figure 31. Crest plans of current ripples and megaripples: (a) straight-crested; (b) undulatory 
or sinuous; (c) catenary; (d) lunate; and (e) linguoid (adapted from Turcker, 1982). 
 
Associations of cross-currents generated by waves and tides can produce 
decussate or rhomboidal networks of transverse current ripples. In addition, there are 
longitudinal ripples that form parallel to a strong unidirectional current, and these can 
be complicated by interfering wave motion and cross-current patterns (Bird, 2008). 
Underwater ripples increase in length up to a critical flow velocity at which they 
disappear (Figure 30). In fact, the length of ripples formed under water varies greatly 
and is controlled by definite factors among which current velocity and coarseness of 
the sand are absolutely important (Gilbert, 1914 in Dunbar and Rodgers, 1957; Figure 
30). 
Dunes or megaripples are particularly common on the floor and flanks of 
channels and correspond to larger-scale structures of similar shape to ripples (Table 2). 
Dune shape varies from straight-crested to sinuous to lunate with increasing flow 
velocity and decreasing flow depth (Figure 31); linguoid dunes are very rare (Turker, 
1982; Miall, 1990). They are formed by strong currents, and are usually aligned at right 
angles to the tidal flow, migrating in the direction of the current, but sometimes they 
run diagonally or parallel to the current flow (Bird, 2008). Mageripples frequently 
present ripples on the banks and in the troughs (Turker, 1982). 
Sand waves (bars) are larger scale than dunes (Table 2) straight crested 
asymmetrical bedforms, although some authors apply this term to straight crested 
dunes. They occur where current velocities are greater than 65 cm/s (Elliot, 1978). 
Sand waves are present in rivers and similar structures occur on shallow marine 
shelves. In rivers, sand waves form at lower velocities and at shallower depths than 
dunes (Turker, 1982). 
Bedforms may reverse or retain their orientation during the ebb-flood cycle 
which depends on the size of the bedform and the degree of time-velocity asymmetry. 
Current ripples always reverse, however megaripples reverse in some cases. For 
example, in estuaries with pronounced time-velocity asymmetry, megaripples retain 
their orientation and form semi-permanent fields of ebb or flood-oriented dunes 
(Elliot, 1978). 
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Finnally, sidescan sonar data interpretation can be significantly facilitated when 
draped on top of bathymetric data, in particular on top of high resolution bathymetry 
such as standard multibeam. The same type of sediment, for example, will appear with 
much stronger backscatter if it is lying on a slope facing the sidescan sonar beam, than 
when it is lying on a horizontal seafloor or on a slope with the opposite dip - this can be 
easily mistaken by a change in type or grain size of sediment. The inclusion of the 
bathymetric information therefore allows distinguishing topographic effects from 
variations in geological character on the backscatter intensity (Figure 32; Pinheiro et 
al., 2011). 
 
 
Figure 32. Sidescan sonar mosaic image from Aveiro entrance to the Port area projected on 
top of the bathymetry (Pinheiro et al., 2011). Note the very interesting bedforms (dunes) 
observed in the first plan. 
 
 
III.3. Grain size analysis 
 
Sediment grain size (granulometry) affects the particles entrainment, transport 
and deposition, thereby providing important clues about the sediment provenance, 
transport history, and depositional conditions (e.g. Folk and Ward, 1957; Friedman, 
1979). The size of the sedimentary particles reflects: the availability of different kinds 
and sizes of grain from different kinds of bedrock or even preexisting sediment; the 
resistance of particles to weathering, erosion, and abrasion; and the processes of 
transportation by air or water and deposition (Friedman and Sanders, 1978; Friedman, 
1979).  
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Sediment particles range, as a continuous spectrum, from a fraction of a micron, 
to boulders measuring meters in diameter. Geologists have developed standard size 
classes of sediment based on a logarithmic grade scale, where the boundaries between 
successive size classes differ by a factor of two (see Table 3; Udden, 1914; Wentworth, 
1922). 
 
Table 3. Classification of sediment grain sizes by their diameters (in both metric -mm/µm- and 
logarithmic -- units) based on different authors: Udden (1914) and Wentworth (1922); 
Friedman and Sanders (1978); and Blott and Pye (2001) adopted in ͞GRADI“TAT͟ ǀeƌsion 8.0. 
Grain Size  Descriptive terminology 
phi mm/µm  Udden (1914) and  
Wentworth (1922) 
Friedman and 
Sanders (1978) 
Blott and Pye (2001) 
   
Cobbles 
Very large boulders  
-11 2048 mm   
   Large boulders Very large boulders 
-10 1024    
   Medium boulders Large boulders 
-9 512    
   Small boulders Medium boulders 
-8 256     
   Large cobbles Small boulders 
-7 128    
   Small cobbles Very small boulders 
-6 64     
Pebbles 
  
   Very coarse pebbles Very coarse gravel 
-5 32    
   Coarse pebbles Coarse gravel 
-4 16    
   Medium pebbles Medium gravel 
-3 8    
   Fine pebbles Fine gravel 
-2 4 
 
  
Granules    Very fine pebbles Very fine gravel 
-1 2  
  
   
   Very coarse sand Very coarse sand Very coarse sand 
0 1     
   Coarse sand Coarse sand Coarse sand 
1 500 µm    
   Medium sand Medium sand Medium sand 
2 250     
   Fine sand Fine sand Fine sand 
3 125     
   Very fine sand Very fine sand Very fine sand 
4 63     
Silt 
  
   Very coarse silt Very coarse silt 
5 31    
   Coarse silt Coarse silt 
6 16    
   Medium silt Medium silt 
7 8    
   Fine silt Fine silt 
8 4     
    Very fine silt Very fine silt 
9 2  Clay 
  
Clay Clay     
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In order to facilitate graphical presentation and statistical manipulation of grain 
size distribution, Krumbein (1934) proposed that the grade scale should be 
transformed into a phi () scale, by using the expression described on Equation (13), 
where d corresponds to the grain diameter in millimeters. Distributions using these 
scales are named log-normal and are conventionally used in sedimentology (e.g. 
Visher, 1969; Middleton, 1976). The nomenclature used to classify sediment particles 
based on their grain diameters and according to different authors is shown in Table 3. 
ɸ = -log2d     (13) 
Any individual particle can be referred to one of the individual size classes and 
many sedimentary deposits consist in pure sand, silt, or clay (Table 3), although natural 
populations of sediments commonly include particles from several size classes, making 
the granulometry analysis a study of mixture of sizes. There are several techniques 
employed to determinate the proportions of each size class, including direct 
measurement, dry and wet sieving, sedimentation rates determination, laser 
granulometry, and using equipments such as the X-ray sedigraph or the Coulter 
counter. All these techniques involve the division of the sediment sample into a 
number of size fractions, allowing the creation of a grain size distribution from the 
weight or volume percentage of sediment in each size fraction (Blott and Pye, 2001).  
In order to compare different sedimentary deposits, grain size distributions have 
most frequently been described by their deviation from a prescribed ideal distribution 
– normal distribution, also known as Gaussian, mainly based on five principal 
parameters: (a) the median, (b) the mean size, (c) the standard deviation or sorting, (d) 
the symmetry or skewness, and (e) the kurtosis. These parameters, mainly the mean, 
sorting, and skewness of grain size frequency distributions, follow trends that may 
indicate the direction of transport and the sedimentary processes of winnowing, 
selective deposition, and total deposition (McLaren and Bowles, 1985). The median 
diameter, also known as particle size distribution D50, corresponds to the value of the 
particle diameter at 50% in the cumulative distribution, i.e., to the grain size value at 
which 50% of the grains are coarser. The mean (x̅), also referred as average, identifies 
the central location of the data and the standard deviation () measures the spreading 
of the sizes around the mean, which defines the concept of sorting. A frequency curve 
of a well-sorted sediment is sharp peaked and narrow, meaning that only a few size 
classes are present, and a poorly sorted sediment presents a low and wide distribution 
curve, indicating the presence of many size classes (see Figure 33; Friedman and 
Sanders, 1978). 
The skewness is a statistical parameter that measures the deviation from the 
symmetry of the distribution, indicating the preferential spread to one side of the 
average (see Figure 34), and therefore if the fraction in excess of the normal 
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distribution corresponds to the coarser or finer fraction. This parameter has been used 
in interpreting how particles were deposited (Freidman and Sanders, 1978) and may 
also give clues about the erosion process.  
 
 
Figure 33. Normal size frequency distribution curves of different shapes, showing that steep 
curves (curve A) encompass a small number of phi classes between the two inflection points 
and flat and wide curves (curve C) comprehend a large number of phi classes (Friedman and 
Sanders, 1978). 
 
 
Figure 34. Frequency distribution curves with different skewness: (a) symmetrical; (b) coarse 
skewed by introduction of coarse particles; (c) coarse skewed by removal of fine particles; (d) 
fine skewed by introduction of fine particles; and (e) fine skewed by removal of coarse 
particles (adapted from Friedman and Sanders, 1978).  
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The kurtosis measures the degree of concentration of the grains relative to the 
average (Freidman and Sanders, 1978). Sharper peaks than the normal curves 
(mesokurtic) are described as leptokurtic, indicating a high concentration of grains 
close to the mean size, and distributions with flatter peaks are termed platykurtic, 
indicating a more equitable distribution of sediments throughout the classes (see 
Figure 35). 
 
 
Figure 35. Frequency distribution curves with different kurtoses: (a) leptokurtic and (b) 
platykurtic (adapted from Friedman and Sanders, 1978). 
 
According to Folk and Ward (1957), both skewness and kurtosis are vital clues to 
distinguish characteristics of polymodal sediments, even when the modes are not 
immediately apparent. The mode corresponds to the most frequently occurring 
particle size (graphically matches to the peak of a simple frequency curve as shown in 
Figure 34). Strictly unimodal sediments should give normal curves, non-normal values 
of skewness and kurtosis may indicate a mixing of two or more modal fractions (Folk 
and Ward, 1957), suggesting the presence of sub-populations. This fact may be due to 
one of the following situations: (1) the particles have been derived from several 
sources and the deposit corresponds to a mixture of different populations (Folk and 
Ward, 1957; Spencer, 1963, Komar, 1976), or (2) the removal of part of the sediment 
of a single population originally projected in one of the tails of the normal curve 
(Komar, 1976). Therefore, in the multipopulation or polymodal sedimentary deposits, 
the magnitude of the modes may give significant information on the mixing of 
sediments (Friedman and Sanders, 1978). 
The above mentioned parameters can be obtained by mathematical or graphical 
ŵethods. The ŵatheŵatiĐal ͞ŵethod of ŵoŵeŶts͟ ;KƌuŵďeiŶ aŶd PettijohŶ, ϭϵϯϴ; 
Friedman and Johnson, 1982) uses the entire sample population and therefore is the 
most accurate method; however, the statistics are significantly affected by outliers in 
the extremes of the distribution (McManus, 1988). The graphical methods, based on 
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plotting the frequency data as a cumulative frequency curve, extracting prescribed 
values and introducing them into established formulations, are more suitable for the 
analysis of open-ended distributions, because the tails, and so the extreme outliers, 
are ignored. Many alternative formulations have been proposed (e.g. Trask, 1932; 
Krumbein, 1938; Otto, 1939; Inman, 1952; McCammon, 1962) but still the most widely 
used is the one proposed by Folk and Ward (1957) which will be the one used in the 
present work (see Table 4). 
 
Table 4. Statistical formulations for grain size parameters estimation and respective 
descriptive terminology, both based on logarithmic Folk and Ward (1957) graphical measures. 
x represents the grain diameters, in phi units, at the cumulative percentile value of x (Folk and 
Ward, 1957; Blott and Pye, 2001). 
 Interval Descriptive terminology 
Mean size ()   MZ = ଵ଺ + ହ଴ + ଼ସ͵  See Table 3 (Grain size) See Table 3 (Descriptive terminology – Blott and Pye, 2001) 
Sorting ()   
σI = ଼ସ − ଵ଺Ͷ + ଽହ − ହ6.6  
<0.35 Very Well Sorted 
0.35 – 0.50 Well Sorted 
0.50 – 0.70 Moderately Well Sorted 
0.70 – 1.00 Moderately Sorted 
1.00 – 2.00 Poorly Sorted 
2.00 – 4.00 Very Poorly Sorted 
>4.00 Extremely Poorly Sorted 
Skewness   
SkI = ଵ଺ + ଼ସ − ʹହ଴ʹሺ଼ସ − ଵ଺ሻ + ହ + ଽହ − ʹହ଴ʹሺଽହ − ହሻ  
+
0.3 - 
+
1.0 Very Fine Skewed 
+
0.1 - 
+
0.3 Fine Skewed 
+
0.1 - 
-
0.1 Symmetrical 
-
0.1 - 
-
0.3 Coarse Skewed 
-
0.3 - 
-
1.0 Very Coarse Skewed 
Kurtosis   
KG = ଽହ − ହʹ.ͶͶሺ଻ହ − ଶହሻ 
<0.67 Very Platykurtic 
0.67 – 0.90 Platykurtic 
0.90 – 1.11 Mesokurtic 
1.11 – 1.50 Leptokurtic 
1.50 – 3.00 Very Leptokurtic 
>3.00 Extremely Leptokurtic 
In order to estimate the parameters mentioned above and to analyze the grain 
size distributions, the GRADISTAT version 8.0 program (Blott and Pye, 2001) was used 
in this study. This program, written in Microsoft Visual Basic and integrated into a 
Microsoft Excel spreadsheet, allows the estimation of grain size statistics by both Folk 
and Ward (1957) and using the moments methods. Besides the statistical parameters 
already mentioned, the program also provides a physical description of the textural 
group and the sediment name based on Folk (1954). This author considers two main 
parameters for sediment classification: the percentage of gravel and the sand to mud 
ratio (see Figure 36). According to Folk (1954), this sediment classification system 
allows the distinction of different depositional regimes, since the gravel content gives 
indications about the maximum current velocities and the sand to mud ratio reflects 
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the characteristics of the flow (see an example printout from the program in Figure 
37). 
 
 
 
 
Figure 36. Folk triangular diagram to coarse sediment classification (adapted from Folk, 1954). 
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Figure 37. Eǆaŵple of a GRADI“TAT ǀϴ.Ϭ pƌiŶtout foƌ the sediŵeŶt saŵple ͞BARRAϭ͟. The 
black box highlights the parameters values obtained by the chosen statistical method. 
 
 
III.4. Morphodynamical Model – MORSYS 2D  
 
The morphodynamic modeling system MORSYS2D (Figure 38; Fortunato and 
Oliveira, 2004, 2007; Bertin et al., 2009) integrates the circulation model ELCIRC (Zhang 
et al., 2004), the wave propagation model SWAN (Booij et al., 1999) and the sediment 
transport and bottom evolution model SAND2D (Fortunato and Oliveira, 2004, 2007; 
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Bertin et al., 2009), in order to simulate the non-cohesive sediment dynamics in 
estuaries, tidal inlets and coastal areas, driven by tides, wind, river flows and waves.  
SWAN or Simulating Waves Nearshore is a numerical wave model that, based 
on an Eulerian formulation, computes random and short-crested waves in coastal 
regions, by describing the evolution of the two-dimensional wave energy spectrum in 
arbitrary conditions of wind, currents, and bathymetry (Booij et al., 1999; Ris et al., 
1999). In MORSYS2D, SWAN is used in a stationary mode to simulate wave propagation 
and deformation from the open sea up to coastal zones (Bertin et al., 2009). 
The hydrodynamic model ELCIRC is an open-source three-dimensional 
baroclinic model that calculates tidal elevations and currents and wind-induced mean 
currents by solving the shallow water equations using a semi-implicit Eulerian–
Lagrangian finite volume and finite differences method (Zhang et al., 2004). Within 
MORSYS2D a single vertical layer is used. 
SAND2D (Fortunato and Oliveira, 2004, 2007; Bertin et al., 2009) computes the 
sand fluxes in combined current and wave flows, from three well known semi-
empirical formulations (Bijker, 1971; Ackers and White, see van de Graaff and van 
Overeem, 1979; Soulsby van Rijn, see Soulsby, 1997), and computes the seabottom 
changes through the numerical resolution of the Exner equation that describes the 
conservation of mass of the sediment. 
 
 
Figure 38. Flowchart of MORSYS2D numerical model procedure used in this work. 
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IV.1. Introduction 
 
This chapter investigates the morpho-sedimentary evolution of an excavation 
area located offshore Vale do Lobo in the Algarve, south of Portugal, resulting from the 
sand exploitation for the nourishment of the Vale do Lobo beach (see section II.1). The 
study is based on 4 bathymetric surveys, prior to and after the dredging operations 
and within a time span of four years (2006-2010), complemented with the analysis of 
wave data and numerical morphodynamic modelling simulations. The main aims are to 
understand the evolution of the offshore sandpit through time and the physical 
mechanisms responsible for this evolution and to estimate the sandpit recovery time 
from the observed and predicted filling rate. Specific objectives are: 
 To follow and understand the sandpit evolution based on bathymetric datasets 
acquired prior to and after the sand extraction (2006-2010); 
 To characterize the regional wave climate, namely the significant wave height, 
mean period, and mean wave direction, in the study area during the period in 
analysis; 
 To estimate the sandpit recovery time from the observed and predicted filling 
rate; 
 To correlate the wave climate conditions, namely the storm events, with the 
sandpit dynamic evolution. 
The main results of this part of the thesis were published in Gonçalves et al. (2014), 
Coastal Engineering, 88, 75-87 (Appendix I). 
 
 
IV.2. Brief overview of some case studies of offshore sand 
extraction 
 
The offshore extraction of sediments from coastal areas, namely in the 
continental shelf and shoreface, has been a common practice in many countries for 
many years, and it has become, in some places, such as United Kingdom and Japan, the 
main source of aggregates for beach nourishment and for construction (Demir et al., 
2004, Cooper et al., 2007; Kubicki et al., 2007). It has been shown to have several 
advantages compared with onshore exploitation, since extraction from rivers, 
estuaries and nearshore sand bars has proven in the past few years to have significant 
negative environmental and social impacts. Nevertheless, offshore sand extraction can 
also have negative impacts in the marine environment, not only in the 
morphodynamics of the region, but also in the local ecosystems, and this is often not 
restricted to the excavation area (van Rijn and Walstra, 2002; van Rijn et al., 2005; 
Kubicki et al., 2007). 
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The morphology and morphodynamics of the seabed are strongly affected by 
the creation of the local depression due to the excavation. The induced bottom 
morphology changes will in general influence the local flow, the wave field and 
consequently the sand transport rates (van Rijn and Walstra, 2002). Locally, the 
sediments from the surrounding areas tend to move inside the depression. Changes in 
the wave field, through refraction and, less significantly, also through diffraction, can 
modify the longshore sediment transport patterns and affect the shoreline 
morphology (Demir et al., 2004). Over longer time scales, the sandpit area can migrate 
towards the shore and may act as a sink for the sediments from the nearshore system 
(van Rijn and Walstra, 2002). The severity and persistence of such impacts depend, 
among other factors, on the hydrodynamic conditions, the nature of the substrate, the 
sandpit geometry and its distance to the shore, and the time-scale of the seabed 
perturbation (Cooper et al., 2007; Roos et al., 2008). In order to minimize these effects 
and the nearshore coastal erosion, the extraction areas need to be located offshore of 
the closure depth.  
The temporal evolution of sandpits and the associated coastline impacts have 
been studied and are well documented (e.g. Bender and Dean, 2003; Hitchcock and 
Bell, 2004; Roos, 2004; Diesing et al., 2006; Kubicki et al., 2007; and Teixeira, 2011). 
Roos (2004) summarizes several pits monitored through time and located both in the 
Dutch part of the North Sea and elsewhere around the world (Table 5). Most of the 
pits referred in Table 5 are relatively small (with sizes smaller than 1 Mm3 and 
excavation depths that vary from 7 to 15 m), located in nearshore waters (with 2 to 
10 m water depths) and almost all tend to fill in with sand from the surrounding areas, 
in the course of several years. Exceptions are the excavations performed in Hook of 
Holland and Terschelling, both in Holland, with high volume and located at higher 
depths (Roos, 2004). 
Table 5 shows recovery times of around 1 year or less, in general, for pits 
located nearshore (h0 < 10 m) and higher recovery times for pits located at depths 
greater than 10 m. The Hook of Holland sandpit (Table 5), a large and deep pit (500 m 
× 1300 m × 10 m), was extensively monitored during half a year, showing a small 
morphological evolution, weak migration and sedimentation at the pit slopes (Roos, 
2004). 
Kubicki et al. (2007) studied the morphological evolution of two extraction sites 
(gravel and sand pits) located at Tromper Wiek in the Baltic Sea (Figure 39), for a six 
years period (1999-2005). Based on sidescan sonar data acquired between 1999 and 
2004, multibeam bathymetric data from 2003 to 2005, and grab samples collected in 
2004, these authors determined the natural refiling speed of the pits, which slowed 
during the monitoring period. The mean refilling rates of the sand pits, which are 
located at almost twice the water depth as the gravel pit, were higher over the same 
monitoring period. Since the finer sediment is mobilized in lower energy events, the 
Chapter IV. Evolution of a sand extraction excavation offshore Vale do Lobo, Algarve 
77 
 
changes observed in the sand pit area were more dynamic than at the gravel pit site 
(Kubicki et al., 2007). 
 
Table 5. Overview of the field experience regarding marine sand extraction (Roos, 2004), with 
the sandpit location, year of the extraction, pit size in Mm3, pit depth (hpit), water depth (h0), 
and refill time. Sources: 1“ǀašek ;ϭϵϲϱͿ, 2Kojima et al. (1987), 3Hoogewoning and Boers (2001), 
4Combe and Soileau (1987), 5Uda et al. (1995), 6Van Dalfsen and Essink (1997) and Van Dalfsen 
(1998), 7MAGIS (n.d.), 8Hesp and Hilton (1996), 9HoogeǁoŶiŶg ;ϮϬϬϬͿ aŶd “ǀašek ;ϮϬϬϭaďĐͿ. 
 
Year 
Size 
(Mm
3
) 
hpit 
(m) 
h0 
(m) 
Refill time(yr), observations 
Scheveningen
1
 1964 0.02 2 7-10 0.5, flattening slopes 
Tosa Bay (Jap)
2
 1978 0.4 5–7 5–7 severe wave-induced erosion 
Loswal/Stevin pit
3
 1981–83 0.06 6 15.5 0.6, both sand and silt 
Louisiana (US)
4
 1983 2.5 3-6 10 wavy pattern on the beach 
Kyushu (Jap)
5
 1983 1-2 2-6 
15-
40 
shallow pits affect shoreline 
Ameland
3
 1990 0.14 7 9 1.0, migration 20 m yr
−1
 
Ameland (ctd.)
3
 1992–93 0.25 4 10 0.5, migration 
Terschelling
3,6
 1993 2.5 2 >20 no activity in 4 years 
Bloemend./Zandv.
3
 1993–94 - - 7 already closed after 8 days (artificially refilled) 
Heemskerk
3
 1996–97 0.15 8 7-8 0.6, cross-shore refilling (artificially refilled) 
Sylt (Ger)
7
 - - 6 14 more stable than expected 
Wadden Sea (Ger)
7
 1994–98 - - - stable over 4 years 
Pakiri beach (N-Zl)
8
 1993- 0.1 - <8 weaker recovery from storms 
Hook of 
H/PUTMOR
9
 
1999-2000 6.5 10 24 
flow contr., no morph. evolution (monitoring 
period -5 months- too short to detect 
significant morphological changes) 
 
 
 
Figure 39. Location of the Tromper Wiek in Baltic Sea and indication of the gravel (a) and the 
sand (b) pit sites (Kubicki et al., 2007). 
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Diesing et al. (2006) compared time scales of regeneration of different 
extraction sites located at different water depths, with most of the sites located near 
the seaward limit of the shoreface (GM1, WU, and WL in Figure 40), one located on the 
upper shoreface (PAK in Figure 40), and two deeper pits (TW0 and TW1 in Figure 40) 
situated in the continental shelf (Figure 40). These authors concluded that the time 
scales of regeneration are profoundly determined by the position of the extraction site 
relative to the seaward limit of the shoreface: extraction sites located well beyond this 
limit generally present a slow regeneration; in contrast, sand extractions located on 
the upper shoreface may exhibit a fast regeneration, although negative impacts on the 
coastal sediment budget cannot be excluded. According to the same authors, other 
factors may control the velocity of a pit regeneration such as the depth of the 
extraction and the character and availability of the potential material for the pit 
regeneration (Diesing et al., 2006). 
 
  
(a) (b) 
Figure 40. Comparison of extraction sites: (a) Extension of upper shoreface, lower shoreface 
and continental shelf in terms of water depth. Wave energy input is increasing from left to 
right. White boxes indicate position of extraction sites. (b) Normalized water depth (calculated 
by dividing the water depth (h) of the extraction site by the depth of the seaward limit of the 
lower shoreface (hi) - h/hi) plotted against assessed regeneration times. Hatched arrows 
indicate possibly longer regeneration times, as regeneration was not completed until the end 
of observation. Pit location: GM1 - Graal-Muritz in Baltic Sea, WU – Wustrow in Baltic Sea, TW1 
and TW0 – gravel and sand pits, respectively, in Tromper Wiek Ost, Baltic Sea, WL - Sylt Island 
in North Sea, PAK – Pakiri in New Zeland (Diesing et al., 2006). 
 
Bender and Dean (2003), based on three case studies of beach nourishment 
(Grand Isle, Louisiana; Anna Maria Key, Florida; and Martin County, Florida), provide a 
review of available studies on wave transformation by bathymetric changes and the 
resulting shoreline impacts. These authors concluded that the effect of wave 
transformation by an offshore pit is complex and can result in substantial shoreward 
salient formation (Bender and Dean, 2003). The beach nourishment project at Grand 
Isle, Louisiana, represents one of the most interesting examples. There, in 1984, 
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around 4 Mm3 of sediment were dredged from a borrow area lying 800 m from shore 
in 4.6 m of water depth (Bender and Dean, 2003). The dredging resulted in a 
͞duŵďďell͟ shaped saŶdpit ǁith tǁo outeƌ loďes dƌedged to a depth of ϲ.ϭ m below 
the seabed connected by a channel of approximately 1370 m in length dredged to 
3.1 m below the bottom (Combe and Soileau, 1987). One year after the excavation and 
probably associated with storm events occurred during the winter and spring of 1984–
1985, two large salients, flanked by areas of increased erosion, developed immediately 
shoreward of the offshore borrow area (Figure 41, Bender and Dean, 2003). 
Bathymetric surveys revealed that, 2 years later, the outer lobes had filled to about 
half their original depth and the channel connecting the lobes were completely 
recovered (Combe and Soileau, 1987). In 2002, the borrow area is reported to be 
completely filled by very fine (silt and clay) material (Combe, 2002), finer than the 
sediment dredged for the nourishment project. The size and the location of the borrow 
area affected the local wave climate and even after the pit recovery, continue to 
modify the wave field (Combe, 2002), probably due to wave damping and energy 
dissipation caused by fluid–mud interaction with the extremely fine material that has 
filled the pit (Bender and Dean, 2003). 
 
  
(a) (b) 
 
(c) 
Figure 41. Aerial photograph showing coastal salients shoreward of borrow area looking East 
to West along Grand Isle, Louisiana: (a) in August, 1985 (Combe and Soileau, 1987 in Bender 
and Dean, 2003); (b) in 1998 (LOSCO, 1999 in Bender and Dean, 2003); (c) in 2004 (Google 
Earth, 2009 in Silva, 2011). 
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IV.3. The Vale do Lobo study area 
 
Vale do Lobo area is located in Loulé on the Southern Portuguese coast (Figure 
42). As mentioned in section II.1, this coastal area has suffered serious erosion 
problems in the recent past, evident from the extreme decrease of the beach width 
and the observed bordering cliffs retreat (see Figure 43a and Gomes and Pinto, 2007). 
The construction of several groins iŶ the Vilaŵouƌa aƌea iŶ the ϳϬ’s ;ǁest of Quaƌteiƌa; 
Figure 42), to attenuate the coastal erosion, has interrupted the downdrift littoral 
transport and induced significant erosional problems eastwards, increasing the natural 
coastline retreat trend for that costal sector (Correia et al. 1996; Marques, 1997). 
 
 
Figure 42. Study area offshore Vale do Lobo, Algarve, showing the location of the main 
excavation area (red ellipse) and the area common to all available bathymetric surveys (black 
polygon). The bathymetry shown is from the Portuguese Hydrographic Institute (2001 survey, 
courtesy of the Administration of the Hydrographic Region of the Algarve - ARH Algarve). The 
inset in upper right corner shows the location of the study area in mainland Portugal; 
bathymetry from the GEBCO 2008 (2 miles spacing) digital bathymetric grid. Coordinate 
system in UTM Zone 29N, datum WGS84 and bathymetry referred to the Hydrographic Zero 
datum (ZH). 
 
In order to mitigate the intense coastal erosion felt in this zone, an artificial 
beach nourishment was carried out in 1998. The Vale do Lobo beach nourishment 
undertaken between October 1998 and January 1999 was the first case of an offshore 
sand extraction in the Algarve, and a total of approximately 700 000 m3 of sand were 
extracted (Teixeira, 2011). The dredging area was located approximately 3.5 km 
offshore Vale do Lobo, between the 15 and 20 m isobaths (referred to the 
Hydrographic Zero datum - ZH4) and, according to the information provided by 
                                                          
4 The Hydrographic Zero (ZH) is the vertical reference for water level measurements which corresponds to the level of the lowest 
astronomical tide recorded for a nodal period (18.6 years) plus the under-keel clearance value (30 cm). In 1938 was stablished as 2.00 m 
bellow the MSL (Mean Sea Level) for the Portuguese coast (mainland, except Tagus estuary). 
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Regional Hydrographic Administration for the Algarve Region - ARH Algarve, the 
dredging method employed in this extraction caused shallow dredging depressions 
across a wide area. In 2006, between March and May, a second artificial beach 
nourishment was performed (Figure 43a shows the Vale do Lobo beach in 1996 and 
Figure 43b illustrates the situation in 2006, after the second beach nourishment), this 
time from a more localized offshore sandpit excavation (Figure 44).  
 
 
(a) (b) 
Figure 43. (a) Vale do Lobo beach in November 1996 under storm conditions; (b) the same 
area in July 2006, just after the second beach nourishment (reproduced from Teixeira, 2011). 
 
 
Figure 44. Sandpit bathymetry just after the second sand extraction in May 2006 and sandpit 
longitudinal profile before (orange line) and after (blue line) the sand extraction. Coordinate 
system in UTM Zone 29N, datum WGS84 and bathymetry referred to the Hydrographic Zero 
datum (ZH). 
Chapter IV. Evolution of a sand extraction excavation offshore Vale do Lobo, Algarve 
82 
 
 
Approximately 370 000 m3 of sediments were dredged from the internal 
continental shelf off Vale do Lobo (Teixeira, 2011), creating a local depression on the 
seabed. The borrow pit was located about 3.5 km offshore Vale do Lobo, between the 
16 and 18 m isobaths (referred to ZH), and therefore offshore of the closure depth, 
located at about 6 to 10 m for the study area in section II.2.1. The resultant sandpit 
presented an elongated shape with the main axis oriented NW-SE, approximately 
parallel to the shoreline with the longest side aligned by the bathymetric contours (see 
Figure 44). 
 
 
IV.4. Data and methods 
 
The datasets used for this work consisted of: (1) 4 bathymetric datasets surveys 
acquired prior to and after excavation performed in 2006; and (2) wave data from the 
Faro Directional Wave Buoy, for the period 2006-2010. The data processing 
methodology used for each dataset is described in detail below.  
 
IV.4.1. Bathymetric data and estimation of recovery time 
 
The sandpit area of the sand extraction (see the location in Figure 44 and the sandpit 
bathymetric surface and longitudinal profile in Figure 44), carried out in May 2006, was 
monitored with bathymetric surveys prior to (March 2006) and after the excavation 
(May 2006, November 2008 and May 2010). The author participated on the 
bathymetric survey that took place in November 2008. The bathymetric data used for 
this work were acquired with single beam echosounders, with the exception of the 
data from May 2010, which was acquired with a multibeam system. 
The 4 bathymetric datasets were inserted into a georeferenced GIS database 
(ArcGIS) and converted to UTM coordinates, datum WSG84. The data were filtered 
with a low-pass Gaussian filter to reduce the noise, and interpolated with the Natural 
Neighbors (NaN) method (cell size 5 x 5 m²). The bathymetric surfaces obtained (Figure 
45) were used to calculate the sediment budget in the excavation pit and surrounding 
area (the accumulated and eroded sediments, either due to the extraction or to 
natural readjustments of the bottom surface between successive surveys). For that 
purpose, the ArcGIS tools minus and cut/fill were used. These tools allow the 
subtraction of successive bathymetric surfaces, which is essential to understand the 
sandpit morphology evolution through time, in particular its migration and 
replenishment.  
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In order to obtain a first estimate of the recovery time for the excavation area 
and to test if a variable refilling rate, exponentially decreasing in time, is applicable to 
the study area, Equation (14), which assumes a continuous sediment mobilization in 
time, was used. In this equation, the remaining excavation volume, V, after a period of 
time, t, is determined based on the initial excavation volume, V0, and the recovery 
characteristic time-sĐale, τ ;tiŵe afteƌ ǁhiĐh the eǆĐaǀatioŶ ǀoluŵe is ϯϳ% of the iŶitial 
volume; Vicente and Uva, 1984; Ramos et al., 2005). 
 



V
V
t
eVV t
0
0
ln
-
    (14) 
 
 
IV.4.2. Wave data 
 
With the intend to characterize the wave climate in the study area during the 
period analyzed, the measured three-hourly values of significant wave height (Hs), 
ŵeaŶ peƌiod ;TͿ, aŶd ŵeaŶ ǁaǀe diƌeĐtioŶ ;θͿ fƌoŵ the Faro directional wave buoy 
(operated by the Portuguese Hydrographic Institute – IH) were used, from 2006 to 
2010. This is a Datawell-Waverider buoy located offshore Faro (36º54'17"N, 
7º53'54"W), at approximately 93 m water depth (ZH). However, a set of gaps was 
identified in the data. The missing data for a time span of 6 hours or less were filled in 
by direct interpolation (weighted mean); for longer gaps (more than 6 hours) the data 
were filled in using data from the numerical model WaveWatchIII (Tolman, 2009) 
forced by wind fields originating from the Climate Forecast System Reanalysis (CFSR, 
Saha et al., 2010), with spatial and temporal resolutions of 0.3° and 3h, respectively. 
The numerical modeling of waves in the Southern Coast of Portugal is very 
challenging due to the superimposition of the two wave regimes. As previously 
described in section II.2.2, one corresponds to a long-period swell generated in the 
North Atlantic Ocean and coming from the WSW to WNW while the other corresponds 
to ǁiŶd seas ĐoŵiŶg fƌoŵ the “E aŶd loĐallǇ Đalled ͞LeǀaŶte͟ ǁiŶd. This ďi-modal wave 
regime causes the wave direction and peak period to jump regularly from one mode to 
another and this phenomenon is difficult to reproduce with a numerical model. For 
modelling purposes, a first grid of the numerical model WaveWatchIII (Tolman, 2009) 
was implemented for the North Atlantic Ocean with a 0.5° resolution, following the 
configuration described in Dodet et al. (2010), with a second grid nested in the Gulf of 
Cadiz and the SW Portuguese Coast (6-10°W; 31-39°N) with a 0.05° resolution. 
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WaveWatchIII results were evaluated against wave measurements from the 
Faro wave buoy (Figure 46). This comparison shows firstly that significant wave heights 
Hs are well reproduced, with a root mean square discrepancy (RMSD) of 0.26 m, which 
results in a 25 % discrepancy once normalized by the data. The bias in Hs is -0.1 m, 
which is in accordance with the results of Dodet et al. (2010), who found a negative 
bias between 0.10 and 0.30 m considering 6 buoys located in the west and north coast 
of the Iberian Peninsula. However, there is a discrepancy observed for significant wave 
heights lower than 1 m. Since this problem essentially concerns small waves (Figure 
46c and d), the bias and the RMSD normalized by the observed data (NRMS) were 
recalculated for Hs larger than 1 m. This new comparison yields a bias of 0.02 m and a 
NRMSD of 20%. Wave direction (Figure 46a and b) and peak periods have a RMSD of 
48° and 2.3 s, respectively. These weaker scores result mainly from the regular jumps 
between the two modes described above, which are not all captured by the model. As 
described above, this problem essentially concerns small waves (Figure 46c and d) and 
the recalculated RMSD for Hs larger than 1 m yields a RMSD of 30° and 1.3 s for wave 
direction and peak period, respectively. According to these errors, it can be argued 
that the model accuracy is sufficient to produce a continuous time series of wave 
parameters for the period 2006-2010 in order to fill the gaps of the Faro buoy 
measurements for storm events identification proposes. The result was a complete 
and unique three-hourly interval dataset covering the whole period from January 2006 
to December 2010. 
The 2006-2010 wave dataset was analyzed for two periods of time: May 2006 
to November 2008, and December 2008 to May 2010. For both these periods, the 
duration and frequency of storms were calculated. In order to classify a data sequence 
as a storm, the following criteria need to be satisfied (Zhang et al., 2000; Li et al., 
2009): 
1) The event should consist of at least one sample above the peak threshold 
value (Hpeak = mean+2 standard deviations); 
2) The storm continues while the significant wave height remains above the 
duration threshold value (Hdur = mean + standard deviation); 
3) Two consecutive storms are distinguished if the storm interval is not shorter 
than three hours and if the interval between storm peaks is not less than 30 hours. 
According to Pessanha and Pires (1981), in the portuguese south coast, a storm 
is defined as an event with a Hs offshore higher than 3 m. According to Almeida et al. 
(2011), this corresponds to the mean Hs plus two times the standard deviation 
(Hpeak). Therefore, since the average of the significant wave height is close to 1 m 
(Costa et al., 2001), the Hpeak used in this work is 3 m and the Hdur considered is 
equal to 2 m. 
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Figure 46. Comparison between wave measurements at the Faro wave buoy and 
WaveWatchIII modeling results: wave rose diagram for the wave direction and the significant 
wave height considering the whole dataset (2006-2010) based on (a) Faro buoy measurements 
and (b) WaveWatchIII modeling results; Hs relative histogram based on (c) Faro buoy 
measurements and (d) WaveWatchIII modeling results; and (e) measured Hs (black line) 
plotted over numerical modeling results (orange line) for a period of 4 months (November 
2008 – March 2009). 
 
After the classification of a data sequence as a storm, individual storm 
characteristics were assessed through the calculation of the Hs minimum, maximum, 
median and mean, storm duration and wave mean direction of the individual storm 
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event. The number of stormy days and the number of storms for the two periods were 
identified. According to Almeida et al. (2011), to properly characterize the variability of 
storm occurrence in the study area, a high percentile of Hs 99.8 is required to assess 
extreme wave height variability of occurrence of storms. Therefore, the Hs 99.8 was 
also estimated for the two intervals of time. 
 
 
IV.4.3. Morphodynamic modeling system  
 
The understanding of the morphodynamic evolution of the study area in the 
periods between the 4 bathymetric surveys, and the determination of which periods 
there was a more significant sediment movement, was performed using a numerical 
modeling system. The numerical simulations of the sediment dynamics and 
morphological evolution of the sandpit were performed with the morphodynamic 
modeling system MORSYS2D (Fortunato and Oliveira, 2004, 2007; Bertin et al., 2009), 
previously described in section III.4. 
In the present work, the numerical model configuration includes the most 
representative forcing, such as tides, wind, and waves, provided by regional models. 
The ELCIRC model was forced by a regional model of tides (Fortunato et al., 2002) and 
the SWAN spectral wave model was forced offshore by a regional application of the 
WAVEWATCH III (WW3) model (Dodet et al., 2010). As concerns wind, WW3 was fed 
by data obtained from the National Centers for Environmental Prediction (NCEP) and a 
uniform computational domain was assumed. The wave model WW3 was validated 
through the comparison of the model data with the Faro buoy data (see section 
IV.4.3). For the ELCIRC model, an unstructured triangular grid with 6710 nodes was 
used, where the element size ranges from 1500 m offshore to 5m at the sandpit area. 
SWAN was run with 3 nested grids: a larger grid with a spacing of 1000 m and an area 
of 65x110 km; an intermediate grid with a spacing of 100 m and an area of 20x42 km; 
and a high resolution grid centered in the sandpit with a spacing of 20 m and an area 
of 6x10 km. The net sediment transport rates were computed considering a constant 
median sediment size (D50) of 0.77 mm, based on granulometry analysis conducted by 
Teixeira (2011). Previous applications of the MORSYS2D have shown a dependence of 
the morphodynamic numerical solutions on the sediment transport formulation 
considered. The results of Bertin et al. (2009) to a dissipative beach and of Plecha 
(2011) to a tidal dominated inlet have shown a better performance of Ackers and 
White formulation than the Bijker and Soulsby-van Rijn formulations, which estimated 
larger transport rates. However, in the present work, the sediment fluxes are 
computed in non-breaking wave conditions with rather small mean currents and 
Ackers and White formulation did not provide an accurate morphodynamic evolution 
of the sandpit. Instead, as shown in Rosa et al. (2011a), the Bijker formula provided the 
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best results when compared with the bathymetric observations for a constant bottom 
roughness, Ks equal to 0.1 m.   
The MORSYS2D numerical model simulations were used in this work to assess 
the morphological changes in the sandpit during two different time intervals with very 
contrasting weather and wave conditions: 
o From March 28th to April 29th 2008 (henceforth referred to as April 2008), 
when two important storm events took place; 
o From April 30th to May 31st 2008 (henceforth referred to as May 2008), a 
period without storm events. 
In order to estimate the sandpit morphological variations during these two time 
intervals, the bathymetric datasets generated by the numerical model, concerning the 
dates previously described (March 28th, April 29th, and May 31st, 2008), were inserted 
into a georeferenced GIS database (ArcGIS), converted to UTM coordinates, datum 
WSG84, and interpolated using the Natural Neighbors (NaN) method (cell size 5x5 m). 
The obtained bathymetric surfaces were used to assess the sandpit evolution between 
March 28th and May 31st 2008, using the ArcGIS tools minus and cut/fill. 
 
 
IV.5. Results and discussion 
IV.5.1. Sediment balance, sandpit evolution and recovery time  
 
Between March and May 2006 approximately 370 000 m3 of sediments were 
dredged from the internal continental shelf off Vale do Lobo (Teixeira, 2011), creating 
a local depression on the seabed located about 3.5 km offshore Vale do Lobo, between 
the 16 and 18 m isobaths (referred to ZH), with the main axis oriented NW-SE (Figure 
44). After the dredging operation, the borrow pit was small and deep, approximately 
90 m long, 150 m wide and 5 m deep, as shown in Figure 44. 
This excavation has been monitored with an adequate dataset of repetitive 
bathymetric surveys covering the study area, prior to, and after the dredging. In order 
to assess the sandpit evolution through time, these data sets were interpolated and 
are shown in Figure 45. 
The volumes of sediment accumulation and removal for the area common to all 
the available bathymetric surveys (ca. 615 000 m2; black polygon in Figure 42), which 
covers essentially only the main pit area and its immediate vicinity, were computed 
(Figure 47 and Table 6). This was carried out through the subtraction of the successive 
bathymetric surfaces described in section IV.4.1. 
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Figure 47. Volumes of sediment accumulation (orange) and removal (light blue) between 
successive bathymetric surveys in the main pit area, calculated in ArcGIS. The first dataset 
corresponds to a time span of about 2 months, whereas the others correspond to periods of 
about 2.5 and 1.5 years, respectively. 
 
Table 6. Volumes (m3) of sediment accumulation and removal between successive bathymetric 
surveys in the main pit area, calculated using ArcGIS. The first dataset corresponds to a time 
span of about 2 months, whereas the others correspond to periods of about 2.5 and 1.5 years, 
respectively. 
Period in consideration March to May 2006 
May 2006 to November 
2008 
November 2009 to May 
2010 
Sediment Accumulation 0 58 000 40 000 
Sediment Removal 285 000 20 000 8 000 
Balance -285 000 +38 000 +32 000 
 
Considering the common area to the various bathymetric surveys, the 
extracted sand volume for the 2006 surveys gave a net value of 285 000 m3, which 
corresponds to ca. 77% of the value reported by the contractor of 370 000 m3 
(Teixeira, 2011). However, for this comparison, the full excavation area should be used. 
As can be observed in Figure 45, the 2006 surveys, just prior to and just after the 
excavation, cover a much larger area, which corresponds to the full area of excavation; 
the subsequent bathymetric surveys cover only smaller areas in the vicinity of the main 
pit area. Calculating the extracted sand volume for the 2006 surveys for the full 
excavation area, a net value of 340 000 m3 was obtained, which corresponds to ca. 
91% of the value reported by the contractor of 370 000 m3 (Teixeira, 2011).  
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Between May 2006 and November 2008 there were no sand extractions. The 
observations show for this period an accumulation of about 58 000 m3 and a sediment 
removal of approximately 20 000 m3, resulting in a net positive sedimentary balance of 
about 38 000 m3. A similar trend was observed for the period between November 
2008 and May 2010, with an accumulation of about 40 000 m3 and a sediment removal 
of about 8 000 m3, resulting in a positive sedimentary balance near to 32 000 m3 
(Figure 47 and Table 6). Therefore, assuming that there are no significant errors in the 
bathymetric datasets, it is possible to estimate a net accumulation rate of about 
2.85 cm/year for the study area, during the 4 year period between May 2006 and May 
2010. The sand removed during the dredging process in March 2006 left an oval shape 
depression on the seabed, referred to above as the main pit area, elongated in the 
NW-SE direction (Figure 45 and Figure 49).  
The analysis of the bathymetric profiles of the sandpit (Figure 48) shows a 
smoothing of the topography roughness with time; in general, the sandpit topography 
in 2010 became smoother and less deep (about 2 m) than the original topography of 
May 2006. 
The bathymetric profiles along the pit axis (Figure 48) demonstrate that 
2.5 years after the excavation (in November 2008) the pit was filled in its deepest and 
central parts and that its slopes were accumulating sediment mainly on the upper part 
of the NE flank (red and yellow curves in Figure 48). 4 years after the extraction (May 
2010 – green curve in Figure 48), an infill of the deepest area of the pit is clearly visible, 
with the flanks are still accumulating sediment, once again, mainly the NE flank (the 
onshore flank).  
Figure 49 shows the pit edge evolution in time; in this work, a slope value of 
0.5º, higher than the maximum natural slope in the study area, was used to delimit the 
pit edge. During the four years after the dredging, the NE flank showed a displacement 
of about 15 m in average towards SW, with a maximum displacement of about 20 m. 
Hoǁeǀeƌ, theƌe ǁas aŶ iŶĐƌease iŶ the pit’s ŵaǆiŵuŵ leŶgth aloŶg the ŵaiŶ aǆis, due 
to sediment loss (see also Figure 48a), and the excavation became more elongated in 
the NW-SE direction (Figure 49). The shrinking observed mainly in the NE flank, due to 
sediment accumulation, is causing the migration of this flank southwestwards (see also 
the transverse profiles in Figure 48). This migration is also evident from the analysis of 
the sandpit centroid, shown in Figure 49, which moved about 7.8 m to the SW. The 
same trend is shown by the longitudinal axis of the sandpit, which moved 
southwestwards about 8.7 m (Figure 49). The perimeter of the excavation rim grew 
around 25%, from about 2 000 m in May 2006 to more than 2 500 m four years later 
(Table 7 and Figure 49). The same trend was observed for the area of the pit at the 
surface, which increased about 10% during the same four years, from around 
162 500 m2 in 2006 to 178 000 m2 in 2010. These results suggest that the sandpit is 
becoming shallower and smoother but also slightly wider.  
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Table 7. Quantitative estimates of the pit extent and maximum slope of the flanks. 
Date 
Pit perimeter 
(m) 
Pit area (m
2
) 
Maximum slope 
( º) 
Mean slope 
( º) 
Standard 
deviation ( º) 
May 2006 2 000 162 500 7.6 1.7 1.4 
November 2008 2 350 165 500 4.2 1.4 0.9 
May 2010 2 530 178 000 3.7 1.2 0.8 
 
 
 
Figure 49. Pit-area rim evolution through time: May 2006, November 2008 and May 2010. 
Coordinate system in UTM Zone 29N, datum WGS84.  
 
An estimation of the recovery time for the sandpit between 2006 and 2010 was 
obtained from Equation (14) based on the bathymetric data that encompasses just the 
main excavation area (red ellipse in Figure 42); this gave an estimated value of 22 
years. Since this corresponds only to a 63% infill, the full recovery time will necessarily 
be longer. 
The sandpit refilling rate for the periods between May 2006 and November 
2008, and from November 2008 to May 2010 were also estimated based on the 
observed bathymetric data. In November 2008, 2.5 years after the extraction, about 
22 000 m3 of sediment was accumulated in the sandpit, resulting in a refilling rate of 
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about 6.5 cm/yr for this period. However, between November 2008 and May 2010, 
almost 17 000 m3 of sediment were accumulated in the excavation area, 
corresponding to a recovery rate of about 7.2 cm/yr. According to these results, the 
refilling rate in our case study, contrary to what is expected from Equation (14) and 
other authors (Kubicki et al., 2007), is increasing in time. An explanation for this fact is 
proposed in the following sections IV.5.3 and IV.5.4. 
 
IV.5.2. Ocean wave climate between 2006 and 2010 
 
From 2006 to 2010 the Faro buoy wave data show that the wave climate of the 
study area was mainly dominated by smooth to moderate sea states. The significant 
wave height average for this 5-year period was almost 1 m and the corresponding 
mean period (T) was 4.8 s. The wave histogram for these 5 years (Figure 50b) further 
shows that almost 70% of the significant wave height was lower than 1 m and more 
than 95.5% was smaller than 2.5 m. The wave rose diagram (Figure 50a) for the 5-year 
measurements shows that about 73% of the incident waves were from W-WSW and 
about 20% from the SE quadrant. These results are in agreement with the 
hydrodynamic and climatic description of the area performed on section II.1.2. 
 
  
(a) (b) 
Figure 50. Significant wave height and wave direction from 2006 until 2010: (a) wave rose 
diagram for the wave direction and the significant wave height and (b) Hs relative and 
cumulative frequency histogram. 
 
Based on the criteria previously presented for storm classification (see section 
IV.4.2), the storm events that occurred in the study area from May 2006 to May 2010 
were identified and are described in Table 8 (May 2006 - November 2008) and in Table 
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9 (December 2008 - May 2010). For each individual storm event, the average, 
minimum, and maximum significant heights (Hs) were estimated, as well as the mean 
period, the mean direction and the storm duration. According to Table 8 and Table 9, 
the storm events only occurred from October to April. Furthermore, during these 4 
years in study (May 2006 to May 2010), the winter stormy days (from December 21st 
to March 21st) represent more than 70% of the total stormy days, and February was 
the month with the higher number of stormy days, almost 35% of the total. 
 
 
Table 8. Identified storm events from May 2006 to November 2008. 
Storm 
Event 
Date (at Hs Max) 
Mean 
Hs (m) 
Hs Min 
(m) 
Hs Max 
(m) 
Mean T 
(s) 
Mean 
Direction 
Duration 
(d hh) 
S1 18 Oct 2006 2.49 2.02 3.30 6.16 WSW 1 03 
S2 26 Oct 2006 2.93 2.01 4.03 6.66 WSW 1 03 
S3 24 Nov 2006 3.27 2.25 4.19 6.77 WSW 2 12 
S4 16 Feb 2007 2.36 2.04 3.12 5.91 SW 1 15 
S5 20 Nov 2007 2.54 2.05 3.22 6.16 SW 1 09 
S6 19 Dec 2007 3.45 2.20 5.26 6.05 SSE 3 09 
S7 03 Jan 2008 2.67 2.02 4.41 7.12 WSW 2 06 
S8 13 Feb 2008 2.87 2.02 3.71 5.77 SE 5 15 
S9 17 Feb 2008 2.95 2.04 4.31 5.76 SE 2 06 
S10 23 Feb 2008 3.04 2.19 4.13 5.76 SE 2 00 
S11 05 Mar 2008 2.52 2.01 3.05 5.91 E 0 12 
S12 10 April 2008 3.84 2.20 5.35 8.67 SW 3 18 
S13 19 April 2008 2.58 2.01 3.15 5.62 WSW 2 21 
 
Table 9. Identified storm events from December 2008 to May 2010. 
Storm 
Event 
Date (at Hs Max) 
Mean 
Hs (m) 
Hs Min 
(m) 
Hs Max 
(m) 
Mean T 
(s) 
Mean 
Direction 
Duration 
(d hh) 
S14 01 Feb 2009 2.91 2.02 4.70 6.69 SW 3 15 
S15 05 Feb 2009 2.63 2.02 3.20 6.40 WSW 3 00 
S16 17 Mar 2009 3.01 2.16 3.82 5.94 SE 2 12 
S17 19 Dec 2009 3.17 2.21 4.06 6.86 SW 1 06 
S18 23 Dec 2009 3.56 2.12 4.98 7.65 SW 6 06 
S19 31 Dec 2009 3.47 2.06 5.00 7.40 WSW 4 12 
S20 04 Jan 2010 3.24 2.10 5.15 8.86 WSW 2 12 
S21 11 Jan 2010 2.97 2.16 3.82 7.90 WSW 1 03 
S22 12 Jan 2010 2.65 2.08 3.24 5.74 SW 0 12 
S23 14 Jan 2010 2.70 2.12 3.70 8.07 WSW 1 06 
S24 28 Jan 2010 2.77 2.03 3.19 5.32 ESE 0 06 
S25 16 Feb 2010 3.22 2.10 4.26 6.74 SW 3 03 
S26 21 Feb 2010 3.01 2.05 3.97 6.58 SW 3 21 
S27 27 Feb 2010 3.04 2.10 4.63 8.84 WSW 2 03 
S28 03 Mar 2010 3.29 2.05 4.80 8.47 SW 2 09 
S29 09 Mar 2010 2.64 2.10 3.12 7.69 WSW 0 12 
S30 16 April 2010 2.67 2.24 3.75 6.00 S 2 15 
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In order to better visualize the information presented in Table 8 and Table 9, 
for each study period (May 2006 to November 2008 and December 2008 to May 2010) 
the significant wave height frequency histograms (Figure 51c and d) and a wave rose 
diagram for the mean wave direction and the significant wave height (Figure 51a and 
b) were calculated. From May 2006 to November 2008, during the identified storm 
events more than 71% of the significant wave heights were higher than 2.5 m and 
about 40% were higher than 3 m. For the storm events identified from December 2008 
to May 2010, more than 71% of the significant waves were higher than 2.5 m and 
40.5% higher than 3 m. For the first period and according to Table 8, the storm events 
occurred mainly during the winter, and February was the month with more stormy 
days (almost 37% of the total stormy days). The longest storm that occurred during 
this period took place in February 2008 with 5.6 stormy days; however, the highest Hs 
maximum (5.35 m) and Hs mean (3.84 m) were observed in the storm that took place 
in April 2008. For the second study period (December 2008 to May 2010; see Table 9), 
the storm events occurred almost all during the winter and February was again the 
month with more storms and more stormy days, corresponding to more than 47% of 
the total stormy days in this period. December had also a significant number of stormy 
days (almost 30%). Within this period, the storm with the highest significant wave 
height occurred in January 2010, with 5.15 m of Hs maximum and an Hs mean of 
3.24 m. However, and once again, this storm was not the longest storm, which took 
place in December 2009, with almost 6.3 stormy days. From May 2006 to November 
2008, the wave rose diagram (Figure 51a) shows that, during the storm events, the SE-
ESE incident waves had a significant contribution (almost 40%), when compared with 
the period from December 2008 to May 2010 (Figure 51b), where the SE-ESE 
component was significantly smaller (about 10%). In both periods the incident waves 
from WSW-SW are the most representative during the storm occurrences, and 
correspond to almost 55% in the first study period and 85% in the second. 
From May 2006 to November 2008 (Table 10) thirteen storms were identified, 
in a total of 30.6 stormy days. Concerning these storm events, the average significant 
wave height was 2.9 m and the Hs for 99.8 percentile was estimated at 5.2 m. The 
average of the wave period was 6.3 s. For the other study period between December 
2008 and May 2010 (Table 10), seventeen identified storms had a total duration of 
41.4 days, with an average significant wave height of 3.0 m, an Hs 99.8 of 5.3 m, and a 
mean wave period of 7.1 s. Therefore, the period from December 2008 to May 2010 
(Table 10), although shorter, presented a larger number of storm events and stormy 
days than the precedent study period (2006-2008). Moreover, the Hs for the 99.8 
percentile, which according to Almeida et al. (2011) properly characterizes the 
variability of storm occurrence in the study area, is higher in the second study period 
than in the first 2.5 years after the sand extraction. 
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Table 10. Comparison between the two intervals of time, from May 2006 to November 2008 
and from December 2008 to May 2010, showing the number of storms, total duration of the 
storm event (days), Hs (mean, maximum, minimum and Hs 99.8), mean period, mean direction 
and the sedimentation rate previously estimated from the bathymetric data. 
Interval of time 
Time 
(yr) 
Number of 
storms 
Stormy 
Days/year 
Hs Mean 
(m) 
Hs Max 
(m) 
Hs 
Min 
(m) 
Hs99.8 Mean 
T (s) 
Sed. rate 
(cm/year) 
May 2006 to 
Nov. 2008 
2.5 13 12.3 2.9 5.35 2.0 5.2 6.3 6.5 
Dec. 2008 to 
May 2010 
1.5 17 27.6 3.0 5.15 2.0 5.3 7.1 7.2 
 
 
 
Figure 51. Significant wave height and wave direction: wave rose diagram for the wave 
direction and the significant wave height for the identified storm events (a) from May 2006 to 
November 2008 and (b) from December 2008 to May 2010; and Hs relative histogram for the 
identified storm events (c) from May 2006 to November 2008 and (d) from December 2008 to 
May 2010. 
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IV.5.3. Influence of storm events on sediment mobilization 
 
Rosa et al. (2011a,b) computed the total (wave and mean current) sediment 
fluxes at the sandpit site for the month of April 2008 from two well-known 
formulations - Bijker (Bijker, 1971) and Soulsby-van Rijn (Soulsby, 1997), and showed 
that the sediment fluxes are different from zero only when the significant wave height 
exceeds 1.5 to 2 m (Figure 52). Only in this case, the near bed wave orbital velocity 
exceeds the critical value and is capable of mobilizing the bottom sediments 
promoting, in conjunction with the wind induced mean current, significant changes in 
the sandpit morphology. 
 
 
Figure 52. (a) Measured significant wave height (black line) between March 28th and May 31th 
2008. The dashed red and green lines represent, respectively, the H peak and the H duration 
used to identify the storm events. (b) Computed significant wave height - m (orange line) and 
sedimentary fluxes for Bijker - m3/m (black dot line) and Soulsby-van Rijn - m3/m (green line) 
formulations for a point inside the sandpit, in the period between March 28th and April 29th 
2008. The grey shadows in both graphics represent the storms S12 and S13 based on 
measured significant wave height (adapted from Rosa et al., 2011b). 
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In order to further verify the effect of the significant wave height in the sandpit 
morphological variations, two different time intervals with very different weather and 
wave conditions were selected: March 28th to April 29th and April 30th to May 31st, 
2008. As shown in Figure 52a, on April 2008 two very important storm events 
occurred, identified as S12 and S13 in Table 8. The first storm (S12) was felt during 
almost 4 days (90 hours), with the predominant incident waves from SW-WSW, a 
significant wave height mean of 3.84 m, and a maximum significant wave height of 
5.35 m felt on April 10th. The second storm (S13) had a maximum significant wave 
height of 3.15 m on April 19th, was felt during almost 3 days (69 hours), the incident 
waves come from WSW-SW, and had a mean significant wave height of 2.58 m. In 
contrast, throughout May 2008 the significant wave height was always lower than 
1.54 m with an average value of 0.78 m for the whole period, which corresponds to a 
low energy sea state.  
The comparison between two output models’ interpolated bathymetries 
(Figure 53a), before (March 28th) and after (April 29th) the two important storm events, 
shows areas with a significant accretion, mainly in the deepest part and in the north 
flank of the sandpit, or erosion, in the south flank. A similar analysis carried out for 
May 2008 (Figure 53b), shows that almost no bathymetric changes occurred during 
this time period in the sandpit.  
 
 
Figure 53. Computed sea bottom variation, in meters, between (a) March 28th and April 29th, 
and (b) April 29th and May 31st. The cold colors represent sediment removal and the warm 
colors indicate sediment accumulation. Bathymetric contours are referent to May 2006 survey. 
Coordinate system in UTM Zone 29N, datum WGS84. 
 
The volume calculations confirm that an important quantity of sediment was 
mobilized during April 2008 within the excavation and surrounding areas, recovering 
the sandpit in about 14% of its initial excavation volume; in contrast, a similar 
estimation for May 2008, shows that the sandpit evolution in this month is almost null 
(about 0.3% of the initial excavation volume). These results therefore corroborate the 
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idea that high significant wave heights, such as those observed during a storm, play an 
important role in the sandpit morphological evolution and recovery. Furthermore, the 
numerical results suggest that sedimentation inside the sandpit is episodic rather than 
continuous in time. This fact, together with the increasing number of stormy days 
observed during the period between December 2008 and May 2010, can explain why, 
against theoretical expectations (e.g. Kubicki et al., 2007), the sandpit filling rate 
estimated from the bathymetric data increased from 6.4 cm/yr, in the first period 
between May 2006 and November 2008, to 7.2 cm/yr, in the second period between 
December 2008 and May 2010. 
Based on these results, it was estimated that on average, the sandpit recovers 
0.24% for every stormy day. Therefore, for a complete sandpit replenishment, about 
350 stormy days are required. Almeida et al. (2011) combined measured and modeled 
wave data, creating a single dataset covering the period of January 1952 to December 
2009. According to these data, an average of 11 stormy days per year was estimated. 
Considering this average number of stormy days per year representative of the future 
wave climate and the 350 stormy days required for a full sandpit recovery, then 32 
years are needed for the complete sandpit replenishment. However, a decrease in the 
refilling rate in time, as stated in Equation (14), is probably a more suitable model, with 
͞t͟ now representing the number of stormy days. According to this model, for a near-
full (63%) sandpit recovery, about 412 stormy days are needed, which corresponds to 
38 years, considering the same average of 11 stormy days/yr (Almeida et al., 2011) 
used before. 
 
 
IV.5.4. Physical processes controlling the sandpit evolution 
 
A study of the sediment dynamics was also made in the scope of this work 
based on the computed sediment fluxes with the Bijker formulation and encompassing 
the S12 storm. Figure 54 shows the magnitude and direction of the mean sediment 
fluxes between the 9th and the 14th of April, 2008 in the vicinity of the sandpit. The 
magnitude of the sediment fluxes is well related with the water depth showing higher 
values in the shallower zones. Inside the pit the magnitude of the flux has a minimum, 
explaining a decrease in the sediment transport capacity and pit infill over time. This 
arises from a decrease of the magnitude of the orbital velocity and mean current 
inside the sandpit. Lopes et al. (2009) have run SWAN for an extreme wave condition 
(Hs = 6 m; WSW and T = 16 s), which is similar to the maximum wave height registered 
during the period in analysis, and showed that the amplitude of the wave orbital 
velocity inside the sandpit decreases 15%. Moreover, a considerable attenuation of the 
orbital velocity was also observed on the lee side of the sandpit arising from energy 
dispersion, which can justify the lower values of sediment transport at the east-north 
end of the excavation. 
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Figure 54. Magnitude and direction of the sedimentary fluxes (m3/m) for Bijker formulations 
inside and in the vicinity of the sandpit. MORSYS2D results between 9th and 14th of April 2008. 
Coordinate system in UTM Zone 29N, datum WGS84. 
 
Concerning the sediment flux directions, they follow the pattern of the mean 
wind induced currents (see Rosa et al., 2011a): the fluxes are mainly oriented from the 
NW to SE, along the sandpit longitudinal axis, responding to the southwesterly strong 
winds, and inflect at the NE sandpit flank to the south direction. The sediment fluxes 
field in Figure 54 is representative of the conditions that the sandpit is subject when it 
is morphodynamically active. Although a fully coupled 2DH modelling system was 
employed, the water depth where the sandpit lies implies that wave-induced currents 
are negligible and thereby, wave effects are mostly restricted to sediment stirring.  
Figure 55 shows the conceptual map of the most important processes that act 
on the sandpit during the storm events with the predominant incident wind and waves 
coming from WSW-SW: the mean wind induced currents are SE directed and the 
sediment flux follows the same pattern, with the exception of the NE sandpit flank 
where the sediment fluxes slightly inflect to the south direction. Inside the pit and on 
the lee side of the sandpit the magnitude of the flux is lower allowing the 
accumulation of the sediment in these areas of the pit. 
For significant wave heights higher than 2 m, the wave direction is mainly from 
WSW-SW (55-85%, as depicted in Figure 51) and in 65% of the cases the wind direction 
is from the SW (Rosa and Silva, personal communication, 2012). Therefore, the 
patterns of the evolution of the sandpit behavior suggested in Figure 54 and Figure 55, 
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namely the pit infill and its migration, can be extrapolated for the overall period in 
study. 
 
 
Figure 55. Conceptual map of the different processes that act on the excavation in a WSW-SW 
storm event. Coordinate system in UTM Zone 29N, datum WGS84. 
 
 
IV.6. Conclusions 
 
The evolution of a sandpit offshore Vale do Lobo, Portugal, resulting from the 
sand extraction performed in 2006 for beach nourishment purposes was investigated 
based on four bathymetric datasets (one before, March 2006, and three after the sand 
extraction, May 2006, November 2008, and May 2010), wave data from 2006 to 2010, 
and numerical modeling. The integration of the observations and modeling results led 
to the following conclusions: 
(1) The sand extraction carried out between March and May 2006 of about 
340 000 m3 produced a small, deep, and oval shaped borrow pit, elongated in the NW-
SE direction, about 900 m long, 150 m wide and 5 m deep (Figure 44). 
(2) The sandpit represents a depression on the seafloor and therefore acts as a 
trap for the sediment, fostering sediment accumulation and the pit recovery. In fact, 
the mean flow velocity and the orbital velocity decrease inside the pit, resulting in a 
decrease of the sediment transport capacity inside the excavation area and, as a 
consequence, the pit tends to be filled through time. 
(3) 2.5 years after dredging (in November 2008), an infill of the deepest area of 
the sandpit was observed, as well as some sediment accumulation mainly on the upper 
part of the NE flank, resulting on the migration to the SW of the excavation rim. A 
reduction in 45 % of the maximum slope of the flanks, as well as a reduction of almost 
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18% of the mean slope, was observed during this period (Figure 48, Figure 49, and 
Table 7). 
(4) 4 years after the extraction (May 2010), the trend remains almost the same, 
with an infill of the deepest area of the pit, which is almost 2 m less deep, and some 
sediment accumulation in the upper part of the flanks (mainly in the NE flank). The 
topography of the excavation area became smoother, with the surface roughness 
decreasing through time. Overall, the sandpit bathymetry in May 2010 became 
smoother and less deep than the original pit shape four years earlier (Figure 48 and 
Table 7).  
(5) Until the last survey used in this work (May 2010), the pit recovered almost 
17% at a recovery rate estimated of 6.5 cm/yr until November 2008, and 7.2 cm/yr 
since then, until May 2010. The increasing refilling rate can be explained by the storm 
occurrences during these two periods. The period from December 2008 to May 2010, 
although shorter, presented a larger number of stormy days and a higher Hs 99.8 than 
in the first 2.5 years after the extraction (Table 10 and Figure 51).  
(6) The numerical model results suggest that the sandpit refilling process is 
essentially storm-dependent and, therefore, episodic rather than continuous in time. 
In fact, significant wave height greater than 2 m, combined with strong winds, 
generate currents and wave orbital velocities capable of high sediment mobilization. 
(7) The perimeter and the area of the pit are growing through time. However, 
this growth is mostly in the NW-SE direction, resulting in an elongation of the sandpit 
(Figure 49). 
(8) The NE flank of the sandpit is migrating southwestwards, what results in a 
migration in the same direction of the sandpit centroid and the sandpit longitudinal 
axis (Figure 49). 
(9) The seaward prograding pattern of the sand deposition on the onshore flank 
(NE), the S-SE directed wind induced mean currents (Rosa et al., 2011a), and the 
sediment fluxes pattern suggest that the main source of the sediment accumulated on 
the pit should be sand from the N-NW surrounding areas, meaning that the pit worked 
as a drain for these sediments. 
(10) The estimates for the sandpit recovery time based on a mean refilling rate 
points toward a value of approximately 22 years for near-full pit refill. However, the 
calculated estimations proposed here use the number of stormy days, rather than the 
total time, and point to the need of 412 stormy days, which corresponds to 38 years 
for a near-complete sandpit recovery, considering the wave data set used by Almeida 
et al. (2011) as representative of the future wave climate. 
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V.1. Introduction 
 
The ͞Baƌƌa de Aǀeiƌo͟ forms the ĐoŵŵuŶiĐatioŶ ďetǁeeŶ the ͞Ria de Aǀeiƌo͟ 
barrier-lagoon system and the Atlantic Ocean (Figure 56 and section II.2). Artificially 
opened in 1808, it is presently delimited by two jetties offshore-directed (Figure 56). 
Several engineering works have been performed (ahead described is section V.3), both 
for the harbor and inlet configuration and for the maintenance of the navigation 
channels, to guarantee the secure navigational access to the port. The present 
configuration of the ͞Baƌƌa de Aǀeiƌo͟ and the adjacent area is therefore the result of a 
long term evolution, as a consequence of both the frequent engineering construction 
works and its natural evolution. In fact, the construction of the jetties and the 
extensions of the north jetty through time, together with the frequent dredging 
operations, induced strong modifications in the littoral drift, the coastline evolution 
and the general geomorphology of the area, such as the sedimentary accumulation in 
S. Jacinto (north of the northern jetty), the development of an external sandbank, and 
the coastline retreat to the south (Abecassis, 1955; Castanho et al., 1974). 
 
 
Figure 56. Study area offshore Aveiro, which includes the ͞Baƌƌa de Aǀeiƌo͟ and the adjacent 
near-shore shelf. The bathymetry is from the Aveiro Port Authority (June 2011 survey). The 
inset in right shows the location of the study area - bathymetry from the GEBCO 2008 (2 miles 
spacing) digital bathymetric grid. Coordinate system in UTM Zone 29N, datum WGS84 and 
bathymetry referred to the Hydrographic Zero datum (ZH). 
 
The Aveiro lagoon external sandbank (Figure 56) is a sedimentary structure, 
adjacent to the Aveiro inlet, originated and maintained by two main factors: the 
sediments transported by the lagoon ebb currents and the littoral drift sediments 
deflected due to the effect of the north jetty (Alveirinho Dias et al., 1994). The 
evolution of this structure has been extremely dependent of the engineering works 
developed in the ͞Baƌƌa de Aǀeiƌo͟ and the adjacent area. 
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This chapter aims to characterize morphologically and study the evolution of 
the Aveiro inlet and its adjacent area, with a special emphasis on obtaining a better 
understanding of the sandbank formation and its evolution through time, based on 
bathymetric, geophysical and sedimentary data. Similar to the Vale do Lobo area 
investigated in the previous chapter, the morphodynamic evolution of this study area 
is also the result of the complex interaction of natural costal evolution processes and 
the impacts of offshore engineering works; however, and in contrast to the Vale do 
Lobo area, the coastal hydrodynamism is here much stronger (see section II.2.2). In 
order to integrate the case of Aveiro in the wider context of tidal sandbanks in general, 
an overview of the main types of the sandbanks and their classification is presented 
below, together with three relevant case studies.  
 
 
V.2. Overview of sandbank formation processes and 
evolution – Case studies 
 
Sandbanks are found widely on shallow, tidal and wave-dominated continental 
shelves and within coastal and estuarine environments (Bastos et al., 2004), where 
there is abundant sand and the currents are strong enough to induce the sediment 
movement (Dyer and Huntley, 1999). These features occur in the mouths of estuaries, 
harbor inlets, adjacent to headlands and beaches, on the exposed shelf, and close to 
the continental shelf edge. They may have a wide variety of forms and often store 
large amounts of sand, generally medium or coarse sand (Dyer and Huntley, 1999). The 
formation of these features is associated with the accumulation of sand as a response 
to regional sediment transport patterns and gradients in the transport rates (Bastos et 
al., 2004). In fact, sand accumulation occurs when there is a convergence of the 
sediment transport fluxes resulting from a reduction of the sediment transport 
capacity. 
Different types of sandbanks have been described in the literature regarding 
their formation, morphology, regional setting and maintenance processes (e.g. Off, 
1963; Swift, 1975; Pattiaratchi and Collins, 1987; Swift et al., 1991 and Dyer and 
Huntley, 1999). Off (1963), based up on twelve world-wide occurrences, described 
these bedforms as rhythmic linear sand bodies caused by currents. Based on this 
description, Swift (1975) distinguished two different types: class-1 tidal massifs, which 
are tidal ridge fields whose ridges were hydraulically packaged in an estuarine 
environment; and class-2 tidal massifs, which occur off promontories in tidal seas. 
More recently, an extensive review of the different types of natural sandbanks 
was performed by Dyer and Huntley (1999), who proposed a generic classification into 
three main types, based upon their formation and development: 
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 Type 1: open shelf ridges;  
 Type 2: estuary mouth 
o (A) ridges (wide mouth) 
o (B) tidal deltas (narrow mouth) 
 (i) without recession (ebb tidal deltas) 
 (ii) with recession (shoreface connected ridges); 
 Type 3: headland associated banks 
o (A) banner banks (non-recessional headland) 
o (B) alternating ridges (recessional headland). 
 
Open shelf linear ridges (Type 1) are oriented at an angle to the flow, are 
asymmetrical and appear to migrate in the direction of their steep face. These contrast 
with linear ridges formed in mouths of wide estuaries (Type2A), which are aligned with 
the flow and migrate away from their steeper face. In narrow-mouthed estuaries and 
inlets, tidal currents are strong only close to the mouth and waves are more dominant; 
therefore the banks (Type 2Bi) form close to the mouth as ebb and flood deltas. When 
the coast is retreating, the ebb delta forms a primary source of sand to the nearshore 
region, which can become modified by the action of storm events into shore attached 
banks at angles to the coastline (Type 2Bii). The presence of headland induces tidal 
eddies that can create banner sandbanks (Type 3A), but when the headland is 
retreating, alternating ridges (Type 3B) can be formed which can become isolated from 
the coast as it recedes (Dyer and Huntley, 1999). 
Based on the Dyer and Huntley (1999) review and considering other more 
recent published and unpublished work, Kenyon and Cooper (2005) classified the 
sandbanks as follows (Figure 57): 
 Non-tidal banks (Type 2Bii of Dyer and Huntley (1999) classification; Figure 
57a) are develop as products of the ebb tidal deltas in areas where there is 
significant barrier beach recession, combined with migration of active inlets in a 
longshore direction (Dyer and Huntley 1999). When compared with the tidal 
features, non-tidal banks are smaller, showing heights of 3 to 12 m; with gentle 
slopes, usually less than 1º; generally form closer together; and are usually 
rounded in profile (Kenyon and Cooper, 2005). 
 
 Headland banner banks (Figure 57b and c) are located near headlands, islands 
or large rocks and separated from them by a channel that is shaped by strong 
currents. In areas of tidal currents where the sand supply and current speeds 
are similar on either side, the arrangement of the banks tends to be 
symmetrical; however, the banks located on one side of the obstacle will often 
be better developed than those on the other side. In non-tidal areas, with 
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unidirectional flow, the banks will be present on only one side of the headland 
and they will be attached to the obstacle rather than separated by a channel 
(Kenyon and Cooper, 2005). There are two main types of tidal banner banks: 
banks tied to rocky headlands or islets (Type 3A of Dyer and Huntley (1999) 
classification) and banks tied to moving sedimentary headlands (Type 3B of 
Dyer and Huntley (1999) classification). 
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Figure 57. Sandbank classification according to their relation to the local and regional sand 
transport paths: (a) storm generated ridges (shoreface connected and offshore); (b) fixed 
headland banner banks; (c) moving headland banner banks; (d) open shelf linear banks; (e) 
open shelf sinuous banks; (f) confined (estuary) sandbanks; (g) ebb/flood tidal delta. Dark blue 
arrows correspond to bed load transport path and green lines indicate bedload convergence 
(adapted from Kenyon and Cooper, 2005).  
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 Open shelf banks (Figure 57d and e) generally occur on open tidal shelves, as 
group of parallel banks that are regularly sized and spaced, with a spacing that 
tends to be proportional to their widths (Type 1 of Dyer and Huntley (1999) 
classification). They are mostly asymmetrical (having slopes of about 6º on the 
steeper side, and less than 1º on the gentler side) and moving slowly towards 
the steeper side (Dyer and Huntley, 1999; Kenyon and Cooper, 2005). Open 
shelf banks can be up to 80 km long, typically average 13 km width and tens of 
meters in height (Dyer and Huntley, 1999). According to Caston (1981) open 
shelf sandbanks may be formed in one of three ways: (a) an excess of sand 
supply originates the ridges and their growth is dependent on a greater supply 
being added to the head than being lost from the tail; (b) ridges are a remnant 
of a larger deposit which is being shaped by selective transport; or (c) they are 
an expression of an equilibrium with the ridges maintained within an active 
sand transport path. Therefore, sandbanks on the open shelf are created by 
remodeling sand deposits (Dyer and Huntley, 1999). When the open shelf 
sandbanks present a sinuous crest (Figure 57d), instead of the linear (Figure 
57c), they are called sinuous sandbanks, that commonly present a parabolic 
shape in plant view (Figure 57d) and are more often found in areas of greater 
bottom stress than the linear banks. Sinuous sandbanks may be an inherently 
unstable type, which might evolve into a series of linear banks (Caston, 1972; 
Kenyon and Cooper, 2005).  
 
 Estuary mouth banks are divided into confined estuary sandbanks (Figure 57f) 
for macro-tidal estuaries that present wider mouths and ebb/flood tidal delta 
(Figure 57g) for meso-tidal or micro-tidal estuaries with mouths presenting 
small widths (Hayes, 1975; Harris, 1988; Dyer and Huntley, 1999; Kenyon and 
Cooper, 2005). Confined (estuary) sandbanks correspond to the Type 2A of 
Dyer and Huntley (1999) classification and are mainly linear sandbanks, which 
build up to sea level and increase in width, eventually forming extensive 
intertidal flats (Kenyon and Cooper, 2005). Due to the lateral constrains, the 
banks tend to be aligned with the water flow, rather than being at an angle 
(Dyer and Huntley, 1999). Ebb/flood tidal deltas (Type 2B of Dyer and Huntley 
(1999) classification) are formed at the narrow mouths of meso and microtidal 
estuaries, and the inlets through barrier islands, when there is an abundance of 
sand or gravel available. They may be formed in pairs with ebb tidal deltas 
formed seaward of the mouth, and flood deltas formed landward of the mouth 
(Figure 58; Dyer and Huntley, 1999). This is the case of the ͞Barra de Aveiro͟ 
exterior sandbank, which can be classified as an estuary mouth sanbank of ebb 
tidal delta type (Teixeira, 1994). Therefore, this type of sanbanks is described in 
more detail below. 
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(a) (b) 
Figure 58. Ebb-flood tidal delta: (a) diagram showing the typical bedload transport paths and 
(b) aerial photograph (Hayes, 1975 in Kenyon and Cooper, 2005). In the case of the Barra de 
Aveiro sandbank only the ebb-delta is well developed. 
 
The ebb deltas are formed seaward of the mouth, shaped by the ebb currents 
issuing from the mouth and modified by wave action and shore parallel currents (Dyer 
and Huntley, 1999; Kenyon and Cooper, 2005). The main sedimentary source is the 
littoral transport that carries sand under wave action along the beach towards the 
spits that constrict the mouth (Dyer and Huntley, 1999) and it is deposited when the 
flow diverges. A terminal lobe takes place outside the mouth where the current flow 
causes deposition (Kenyon and Cooper, 2005). An important feature of the tidal delta 
is the deep trench formed in the mouth which can persist on the shelf after coastal 
retreat (Dyer and Huntley, 1999). Hayes (1975) proposed a model for ebb delta 
morphology: the sand transport in the main channel is dominated by ebb currents and 
a large terminal lobe at the outer end of the ebb channel occurs due to the expansion 
of the currents that create an area of deposition. The crest of the shoal thus becomes a 
bottom current convergence zone at times of maximum sand transport.  
The morphologic asymmetries of ebb-tidal deltas, also called ebb-tidal shoals or 
entrance bar, and the orientation of the entrance channel are the result of the 
interaction of both dynamic and static factors. Dynamic factors are: (1) the magnitude 
and direction of net longshore sediment transport, (2) the tidal prism, (3) the relict ebb 
shoal, (4) the offshore extent of the ebb jet, (5) the riverine sediment supply, (6) the 
flood shoal evolution, (7) the dredging of the channel, and (8) the wave refraction and 
diffraction over the offshore and ebb shoal bathymetry are dynamic factors. Static 
factures include: (9) the location and configuration of jetties, (10) the offshore and 
nearshore bathymetry, (11) the size and shape of the back bay, and (12) the geological 
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constraints imposed by the local structures such as hard bottom (Carr and Kraus, 
2001). The ebb delta (Figure 59) in a broad sense consists of the ebb shoal proper 
(formed in the stream of the ebb jet), the updrift and downdrift bypassing bars 
(formed as a result of the wave action and wave-induced currents), and the 
attaĐhŵeŶt ďaƌs also Đalled the ͞tie-iŶ͟ oƌ ͞ǁeldŵeŶt͟ area (developed from material 
bypassed around the ebb shoal complex, either arriving to or leaving from the shore; 
Carr and Kraus, 2001). 
 
 
Figure 59. Ebb-tidal delta morphology (Carr and Kraus, 2001). 
 
The geomorphology of ebb-tidal deltas is also controlled by the sand bypassing 
processes. Bruun and Gerritsen (1959) described sand bypassing at inlets using the 
parameter r is defined as: 
 
r = P/Mtot                                                                        (15) 
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where P is the tidal prism and Mtot is the average annual longshore transport at the 
inlet. Inlets that tend to have stable and deep channels and a poor bypassing from 
updrift to downdrift present a value of r greater than 150, whereas inlets that tend 
toward closure and have a significant bypassing present r values smaller than 50 (Carr 
and Kraus, 2001). For the case of the Aveiro, assuming the mean tidal prism and the 
littoral drift values presented in section II.2, a value of r around 70 is obtained, which 
indicates a tendency for sand bypass. 
A relationship between the volume of the sand in the ebb delta and the tidal 
prism of the estuary was stablished by Dean and Walton (1975), suggesting that there 
is a balance between the sediment released by coast erosion and the portions that are 
transported into the estuary and deposited, thus modifying the tidal prism. According 
to Powell et al (2006), the volume of a mature ebb delta is equal to one fifth of the 
prism at the spring range of tide. 
Several authors have studied the formation, evolution and maintenance of 
estuary mouth sandbanks: Robinson (1975), Fitzgerald et al. (2004), Kruger and Healy 
(2006), Powell et al. (2006), Elias and Hansen (2013), Wang et al. (2014), Pianca et al. 
(2014), Ridderinkhof et al. (2016). Below three case studies are presented, considered 
relevant for the present study. 
Elias et al (2006) and Elias and Spek (2006) conducted several studies to 
understand the sand exchange between the inlet, the ebb-tidal delta and the adjacent 
coastlines in the largest inlet in the Dutch Wadden Sea, Texel inlet (Figure 60). Analysis 
of the evolution of the ebb-tidal delta morphology spanning a period of over 400 years 
shows different stages, characterized by specific orientations of the main channels and 
shoals (Elias et al. (2006); Figure 61): (1) Prior 1750, the ebb-tidal delta showed a 
downdrift asymmetry, with periodic shoal breaching and downdrift channel relocation 
being the dominant mechanisms for sediment by-passing; (2) after the construction of 
the coastal defense works (in 1750), a stable ebb-tidal delta with a westward 
stretching main ebb-channel developed over a period of ca. 60 years; (3) the damming 
of the major part of the back-barrier basin in 1932, distorted this stable state and over 
a period of approximately 40 years the main channel switched to a southward course, 
remaining stable ever since (Figure 61). Elias et al. (2006) pointed out that a correct 
description of the ebb-tidal delta dynamics and processes of the Texel Inlet needs to 
incorporate the inlet modifications and back-barrier processes, and suggested a 
conceptual model to describe the process–response relation between the human 
intervention and ebb-tidal delta change. In fact, the substantial changes in ebb-tidal 
delta evolution are a response of the inlet system to the cumulative effects of human 
intervention (Figure 61). 
The present-day ebb-tidal delta (Figure 60) developments correspond to a 
phase of redistribution and recirculation of sediments in order to achieve a natural 
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dynamic equilibrium state, adapted to the changed configuration of the main-ebb 
channels. According to Elias and Spek (2006), the sediment is transported from the 
abandoned ebb-delta front (western margin of Noorderhaaks, 11 in Figure 60) and 
along the adjacent coastlines into the basin where it is partly deposited as a result of a 
net flood dominated transport due to tidal asymmetry, landward directed wind and 
wave-driven flow, and larger flood transport capacities due to wave effects that 
exceed the net ebb-dominated tidal residual transports. 
 
 
 
Figure 60. Present-day morphology of Texel Inlet located at the Western part of the Dutch 
Wadden Sea. Numbers from 1 to 9 identify channels and from 10 to 16 identify shoals (co-
ordinates are based on the Paris co-ordinate system; Elias et al (2006); Elias and Spek (2006)). 
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(a) (b) (c) 
   
(d) (e) (f) 
   
(g) (h) (i) 
   
(j) (k) (l) 
Figure 61. Ebb-tidal delta development Texel Inlet from 1550 to 2000. Numbers identify 
channels and letters identify shoals (modified from Elias and Spek, 2006).  
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Garel et al. (2014) investigated the morphodynamic response of a mixed-
energy ebb-tidal delta (including its down-drift coast) located at the Guadiana estuary, 
southern Portugal, to channel relocation and stabilisation by jetties (constructed in 
1972–1974). These authors found large modifications of the morphology and dynamics 
of the inlet, with drastic implications in terms of sediment bypassing and coastal 
evolution (Figure 62). However, the lack of fully developed morphological features that 
are typically found at jettied inlets (that typically responds with the formation and 
seaward migration of the ebb shoal proper and with the collapse and erosion of its 
downdrift domain) indicates that the delta has not yet achieved its equilibrium in 
volume. Therefore, bypassing is weak and the delta behaves as a sink for sediment. 
 
Figure 62. Bathymetric evolution of the Guadiana ebb-tidal delta from 1970 to 2011. Grey 
areas correspond to shoals (above MSL), the thick dashed line indicates the position of the 
inlet channel and the arrows in (a) indicate the location of the tip of the inlet (isobaths are in 
metres and referred to MSL; Garel et al., 2014). 
 
The sediment pathways in the Guadiana ebb-tidal delta are characterised by 
two main processes (Figure 63): (1) a weak bypassing where sediment from the up-
drift and downdrift coasts accumulates at the ebb shoal proper; and (2) a large-scale 
landward transport of sand inherited from the pre-jetty (bank breaching) bypassing 
process, with significant effects (accretion) on the down-drift coast (Garel et al., 2014). 
According to these authors, the main impact of the jetties is the creation of an erosion 
area in the central portion of the barrier island down-drift located, related with the 
development of a persistent divergent longshore transport that feeds the surrounding 
areas. Furthermore, the large-scale erosive effects of the jetties on the down-drift 
coast will be observed more than 50 years after their construction (Garel et al., 2014).  
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Figure 63. Conceptual model of the net sand pathways at the Guadiana ebb-tidal delta (Garel 
et al., 2014). 
 
The same ebb-tidal delta was analyzed by Garel et al. (2015) based on 24 aerial 
photographs (1940-2012) and 13 bathymetric maps (1969-2014; Figure 64). The 
reworking of sand from the historical delta area is an important contribution for: (1) 
the post-jetty progradation of the updrift beach, which resulted from a large accretion 
event (1985-1994) due to beach attachment of a shoal produced by the erosion of a 
broad shallow area relict of the historical delta; (2) the individualisation of a lateral 
updrift bar simultaneously with the new ebb shoal proper formation (Figure 64). The 
authors show that the erosion of the historical delta may enhance significantly the 
updrift shoreline progradation and may promote the re-establishment of sand 
bypassing after jetty construction earlier than predicted with important implications 
with respect to the management of jettied inlets and their adjacent coasts. 
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Figure 64. Bathymetric maps of the Guadiana ebb-tidal delta from 1969 to 2014. Gray scale: 
light is shallower and dark is deeper water depths. The thick contour line corresponds to 
the -2 m isobath (Garel et al., 2015). 
 
Recently, Cáceres et al. (2016) studied the Mar del Plata Harbor, in Argentina, 
characterized by the development of a sandbank across the access channel, the 
shoreline advance in the south and shoreline retreat in the north of the harbor, 
associated to the partial blockage of the sediment transport caused by the harbor 
jetties. According to the morphological modeling and for the present 
hydrosedimentological conditions, the sandbank tends to move toward the access 
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channel (Figure 65) with high sedimentation rate, implying a regular maintenance of 
the navigation channel (Cáceres et al., 2016). 
 
 
Figure 65. Bathymetric evolution at Mar del Plata Harbor entrance after 3 years of 
morphological simulation: (a) 2008 and (b) 2010 (Cáceres et al., 2016). 
 
 
V.3. Historical evolution of the ǲBarra de Aveiroǳ and 
adjacent area  
 
The ͞Ria de Aǀeiƌo͟ is geologiĐallǇ a ǀeƌǇ ƌeĐeŶt featuƌe formed in the Xth 
century, when a sandy spit started to form and progressed southwards from Espinho 
(Figure 56), due to the southward alongshore sediment transport, progressively 
isolating the ancient gulf from the sea (Figure 66; MOP, 1951; Abecasis, 1955; 
Alveirinho Dias et al., 1994). According to Abecasis (1955), the documents prior to the 
Xth century do not refer the existence of a lagoon in Aveiro, and cities such as Ovar, 
Aveiro, and Vagos are mentioned as being on the sea coast (Figure 66; Cunha, 1930; 
Abecasis, 1955). From the Xth to the XVth centuries, a gulf approximately 70 km long 
and 20 km wide, at the latitude of the Vouga estuary with an incipient sand spit in the 
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North, is reported in the literature (Figure 66; Abecasis, 1955; Alveirinho Dias et al. 
2000). 
In the XIIth century, the sand spit reached the North of Torreira, three centuries 
later the sandbar extended to São Jacinto, and at the end of the XVth century it 
reached the location of the present artificial inlet, where it remained until the middle-
end of the XVIth century. With the inlet in front of Aveiro, the number of ships coming 
to the harbor increased and the city was at the peak of its prosperity. In the end of the 
XVIth century the inlet was located about 3 km south of the actual position, but it was 
very unstable, changing its position three to four times a year. In the XVIIth century 
(1643) the inlet was located at Vagueira and in the middle of the XVIIIth century the 
sandy bar reached Mira (Abecasis, 1955; Figure 67). 
The evolution and enclosing of Aveiro Lagoon was synchronous with the Little 
Ice Age (from the XIVth to the XIXth century), characterized by low temperatures, 
reduction of the mean sea level and intense sedimentation (Alveirinho Dias et al., 
2000), which promoted the accretion trends at the sand spit and consequently the 
inlet instabilities. According to Alveirinho Dias et al. (2000), mainly since XVth century, 
the process of enclosing by the sand spit involved the accretion of more than 
2x1010 m3 of sediments. 
 
   
Before the X century From X - XV century  Present day 
Figure 66. EǀolutioŶ of the ͞Ria de Aǀeiƌo͟ iŶ the last ϭϬϬϬ Ǉeaƌs: fƌoŵ the Xth to present day 
(in Abrantes, 2005). 
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Figure 67. Coastline probable evolution between Espinho and Mira and inlet location from 
1200 until the artificial opening in 1808 (modified from Bastos, 2009). 
 
After the middle-end of the XVIth century, with the progressive sand spit 
migration to the south, the access to the harbor (located in the inner lagoon) became 
gradually longer and more difficult to navigate, leading to a significant reduction of the 
marine traffic, with direct consequences to the economy of the region (Abecasis, 1955; 
Alveirinho Dias et al., 1994; Teixeira, 1994). Furthermore, the total or partial 
obstruction of the inlet, which occurred several times after middle/end XVIth century, 
brought serious problems to the city and surrounding areas, not only because of its 
impacts on the maritime activities, but mainly due to the loss of the water drainage 
that prevented the cultivation and led to the degradation of the sanitary conditions, 
causing serious diseases and deaths (Neves, 1935). According to Abecasis (1955), in 
1797 the number of deaths duplicated the births in Aveiro and the city started 
progressive decline. 
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Since the middle of the XVIIIth century, several attempts to open the inlet were 
performed unsuccessfully. In 1802 the engineers Reynado Oudinot and Luiz Carvalho 
were contracted to restore and fix the inlet, by cutting the sand spit and building a long 
and strong dike from Gafanha until the ocean, crossing the sand barrier (Neves, 1935; 
Abecasis, 1951; Cunha, 1959). In 1803, Luiz Carvalho assumes the exclusive direction of 
the project, which was affected by several difficulties until April 3rd 1808, when the 
new inlet was successfully opened (Neves, 1935; Abecasis, 1951; Cunha, 1959). Due to 
a big flood, the water level inside the lagoon raised about 2 meters above the sea level 
and, on the 3rd of April, 1808, at 7 p.m., Luiz Carvalho ordered the demolition of the 
temporary works built at the location chosen for the new inlet and opened the trail 
through which the accumulated water ran down to the sea (Neves, 1935; Abecasis, 
1951; Cunha, 1959). Three days after, the new inlet was 4 to 6 m deep and 264 m wide 
and the drainage issues were solved (Neves, 1935; Cunha, 1959). According to 
Castanho et al. (1974), after the inlet fixation, an ebb delta bar arose in front of the 
inlet with depths between 2 and 3 m in the navigation channel. 
In 1818, Luiz Carvalho started to build a new dike located 300 m north of the 
first dike. However, this dike was quickly destroyed due to its weak consistency. From 
1823 to 1858 there were no new construction works in the inlet, and the interventions 
were restricted to the needed repairing of the dike that was many times damaged by 
the sea waves (Neves, 1935). In June 1858, Silvério da Silva assumes the position of 
engineering director of the port and in December 1859 proposed to rebuild and to 
extend seawards the south dike and build a new experimental jetty on the northern 
side of the inlet channel. A 295 m long northern jetty was constructed 300 m north of 
the southern jetty, increasing this distancen (between jetties) submersed bar towards 
the sea (see Figure 68; Neves, 1935; Abecasis, 1951; Cunha, 1959). 
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Figure 68. Work plan (in red) plant from 1858 to rebuild and to extend seawards the south dike 
and build a new jetty on the north side of the inlet channel ;ŵodified fƌoŵ ͞PƌojeĐto do 
MelhoƌaŵeŶto da Baƌƌa D’Aǀeiƌo͟ in Martins, 2012).  
After a very long dry season, the inlet presented in 1873/74 an anomalous 
configuration, with a 120 m wide sand spit parallel to the coastline advancing from the 
north to 300 m south of the south dike (see Figure 69). In order to face this issue, 
Silvério da Silva extended the south dike towards the recently formed sand barrier, 
which was opened by a big flood occurred in March 1874. Silvério da Silva was also 
responsible for the complete reintegration of the southern part of the lagoon in the 
whole system, by restoring the communication between the southern and the 
northern parts of the lagoon, and for the Vagueira inlet closure, opened in 1838 due to 
a flood (Abecasis, 1955; Alveirinho Dias et al., 1994).  
 
 
Figure 69. Work plan plant from February 1874 showing the sand spit advancing from the 
north ;ŵodified fƌoŵ ͞PlaŶta iŶdiĐatiǀa do PlaŶo d' Oďƌas paƌa o ŵelhoƌaŵeŶto da Baƌƌa de 
Aǀeiƌo: PƌojeĐto de Ϯϲ de Feǀeƌeiƌo de ϭϴϳϰ͟ in Amorim and Garcia, 2008). 
 
In 1927 the engineering director of the port, João von Hafe, presented his 
project to improve the Aveiro inlet. His innovative project included (Abecassis, 1955): 
 The construction of a triangular system of curvilinear dikes in the upstream 
section of the inlet channel to guide the currents from the northern and 
southern parts of the lagoon; 
 A 300 m extension of the northern jetty seawards that would go out on the 
sea and convergent with the southern jetty; 
 The deepening of the inlet channel at -3 m by dredging. 
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The ǀoŶ Hafe’s pƌojeĐt ǁas aĐĐepted; hoǁeǀeƌ soŵe ŵodifiĐatioŶs adǀised ďǇ a 
committee of British consulting engineers were introduced to his initial project, 
namely the reduction in 250 m of the length of the northern jetty, the widening of the 
inlet channel from 300 m to 350 m, the modification of the widths of the S. Jacinto and 
Mira channels respectively from 190 m and 110 m to 270 m and 80 m, and the 
dredging of the navigation channel to become 200 m wide, 500 m long and at 4 m 
deep (Abecasis, 1951). The works officially started in October 1932 and were 
concluded in 1936, with a jetty limiting the northern margin of the inlet channel and 
continuing northeastwards by an interior dike, a triangular system of dikes for currents 
convergence from the S. Jacinto and Mira channels, and a significant dredging in the 
inlet navigation channel (see Figure 70).  
 
  
(a) (b) 
Figure 70. (a) Aerial photograph from 1934 (Amorim and Garcia, 2008); (b) Aveiro inlet plant 
from 1939, showing the inner bank in red (from Castanho et al, 1981 in Alveirinho Dias et al., 
1994). 
 
After these works, the inlet navigation channel and subsequently the port 
access conditions were reasonably improved: the inlet channel was deeper and its 
orientation and configuration were better defined and more stable, the outer sand bar 
was repelled 300 m seawards, the navigational draft increased from 4 to 5 m in mean 
high-water, and the tidal range at the entrance of the lagoon increased from 2 to 2.7 m 
in spring tides, a favorable factor for the channel depth maintenance. However, some 
serious issues started to reveal, namely, the instability and the subdivision of the outer 
navigation channel, the strong transverse currents occurred in the channel under wave 
action, and the narrowing of the inlet channel due to the entrance and accumulation 
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along the northern jetty of littoral sands (Abecasis, 1951). Therefore, the new channel 
soon became inappropriate for the increasing navigation, and a new project had to be 
considered.  
In 1937 a new project to improve the Aveiro entrance channel was proposed 
aiming to increase the inlet channel depth to 7.2 m in mean high-water and to obtain a 
straight entrance channel west-east directed free of cross wave currents. The works 
took place from 1949 to 1958 with the extension of the north jetty 690 m seawards, 
and the building of a new southern jetty 780 m long, rooted 400 m to the south of the 
old jetty built by Luiz Carvalho, and slightly convergent with the former (see Figure 71; 
Abecasis, 1955). Even before the conclusion of the works, the inlet navigation channel 
showed a great improvement, which started to be noticed mainly when the northern 
jetty reached the length sustained by von Hafe. In fact, the suppression of the narrow 
inlet, due to the inner bank formed close to the north jetty (see Figure 70b), and the 
deepening of the outer bar and the channel between the two jetties led to an increase 
of the tidal prism in the lagoon, together with an increase of the drag capacity of the 
ebb currents (Castanho et al., 1974; Vicente, 1990). These currents, more important 
than the flood currents, became capable of eroding the channels inside the lagoon, the 
channel between the two jetties and the outer bar, by carrying sediment out to the 
sea. The bar therefore moved seaward while the depth of the navigation channel 
increased (Castanho et al., 1974). However, the jetty extension intercepted the littoral 
sediment movement to the south leading to the progress of the beach on the northern 
side of the north jetty, whereas in the southern part of the south jetty the beach was 
decreasing, reaching at some points recesses of about 90 m in 5 years (Castanho et al., 
1974; Alveirinho Dias, 1994). Once the north jetty became unable to retain the 
sediments coming from the littoral drift, the sand began to gather round the bar, in an 
ever increasing quantity. The complex action of the different shaping agents led to a 
state of equilibrium in which all the littoral drift sands passes naturally beyond the 
lagoon inlet, due mainly to the string ability of the ebb currents achieved by the 
increase of the tidal prism admitted by the lagoon (Castanho et al., 1974). 
According to Castanho et al. (1974), the variations observed in the ͞Baƌƌa de 
Aǀeiƌo͟ and its adjacent area were, due to the variations in the littoral sediment 
movement, in the south direction. In the years in which the littoral drift exceeds the 
mean annual value of 1 000 000m3 the bar is sanded up. In this case, the navigation 
passage is moved southwards. In the years in which littoral drift in the south direction 
is less than the annual mean value, the bar is eroded, the navigation channel is located 
to the right in the alignment of the inner channel, and the depths increase (Castanho 
et al., 1974). 
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Figure 71. Aveiro inlet hydrographic plan from May 1959 (modified from Hydrographic plan of 
1959, Port of Aveiro in Amorim, 2008). Bathymetric contours referred to the Hydrographic 
Zero datum (ZH). 
Between 1983 and 1987 the northern jetty was extended 500 m seawards, 
which originated new re-adjustments of the sandbar. In fact, the north jetty increased 
its ability to retain sediments in the adjacent beach and oriented to southwest the ebb 
currents, resulting in a strong modification in the ebb and flood current patterns 
(Vicente, 1990).  
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In 2009/2010 a new project to improve the inlet configuration was approved to 
extend the north jetty 200 m with an orientation that should be coincident with the 
orientation of the final part of the jetty before the intervention and to define a new 
navigation channel -13.2 m (ZH) deep by dredging 1 300 000 m3 of sand from the inlet 
navigation channel and almost 45 000 m3 from the internal channel (Figure 72). These 
works, started in December 2011 and concluded in December 2013, allowed the 
entrance of larger ships (with drafts of 10.5 m and 200 m long), guaranteed the safety 
and the operationally of the harbor, and avoided the silting of the inlet area (APA, 
2009; Rosa et al., 2012). Although they serve the main navigation purposes and, 
therefore, have significant impact in the local economy, according to Dias and Mariano 
(2011) the 200 m north jetty extension slightly changed the local hydrodynamic 
patterns, and that may induce changes in the overall lagoon circulation related with 
the tidal prism decrease for the main channels. Figure 74 and Table 11 summarize the 
most important engineering works that took place in the ͞Baƌƌa de Aǀeiƌo͟ and 
surrounding areas through time. 
 
 
Figure 72. Work plan plant from December 2008 for the Aveiro inlet improvement. The blue 
polygons illustrate the dredging target areas and the red area shows the 200 m jetty 
prolongation (modified from APA, 2009).   
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Figure 73. Most important engineering works carried out in the ͞Baƌƌa de Aǀeiƌo͟ and adjacent 
areas from 1808 until nowadays. Coordinate system in UTM Zone 29N, datum. 
 
 
V.4. Data and methods 
 
The datasets used for this work consisted of: (1) 8 old bathymetric maps from 
1936 to 1985; (2) 5 recent bathymetric datasets acquired between 2010 and 2013; (3) 
sidescan sonar data collected in December 2011 and January 2012; and (4) 49 surface 
sediment grab samples collected in March 2012. The author participated in the 
planning and execution of the sidescan sonar and sediment sampling surveys that took 
place in 2011 and 2012. The methodology used for each dataset is described in detail 
below. 
 
 
V.4.1. Bathymetric data 
 
Old bathymetric maps 1936 - 1985 
In order to assess the long term evolution of the ͞Baƌƌa de Aǀeiƌo͟ and the 
sandbank formation and evolution between 1936 and 1985, the following bathymetric 
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maps were used: August 1936, July and August 1950, January 1954, May and June 
1965, March 1966, July and August 1976, July 1978, and May and June 1985. These old 
maps were scanned and inserted into a georeferenced GIS database (ArcGIS); the maps 
were georeferenced and the iso-bathymetric lines were vectorized. The data were 
interpolated with the Natural Neighbors (NaN) method (using a cell size of 10x10 m²) 
and the bathymetric surfaces were compared. 
 
Recent bathymetric datasets 2010 - 2013 
The more recent evolution of the area (2010-2013) was studied based on 
single-beam echosounder bathymetric surveys carried out by the Port of Aveiro 
Authority (APA, S.A.). For this study, 5 bathymetric datasets were used to characterize 
the sandbank evolution and adjacent area through time: November 2010, June 2011, 
February 2012, November 2012, and November 2013. The bathymetric datasets were 
inserted into a georeferenced GIS database (ArcGIS) and converted to UTM 
coordinates, datum WSG84. The data were interpolated with the Natural Neighbors 
(NaN) method, using a cell size of 10x10 m². The bathymetric surfaces obtained (see 
Figure 83 to Figure 87) were used for:  
a) a general characterization of the study area; 
b) the sandbank delimitation; 
c) the estimation of the sediment budget between successive 
bathymetric surfaces, obtained by subtraction of those  surfaces; 
d) the sandbank volume estimation for each bathymetric dataset, 
based on the difference between the surface obtained with all the 
bathymetric data points (with sandbank) and a theoretical surface 
estimated based on the data, with the exclusion of the points in the 
bank area (without sandbank). 
The estimations c) and d) were performed using the ArcGIS tools minus and 
cut/fill that allowed the subtraction of successive bathymetric surfaces, which is 
essential to estimate sedimentary balances and understand the morphologic evolution 
of the study area through time. 
 
 
V.4.2. Sidescan sonar data 
 
The sidescan sonar data used in this work were acquired in a 3 days survey, in 
which the author participated both in the planning and execution phases, carried out 
on the 21st and 22nd of December 2011 and on the 13th of January 2012, on board of 
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the ǀessel ͞Duas Águas͟ ;Figure 74a) from the Port of Aveiro Authority (APA, S.A.) and 
using a combined sidescan sonar (100 kHz and 400 kHz) and sub-bottom profiler (0.5 
to 12 kHz) Edgetech 512i system (Figure 74b) from the University of Aveiro. The 
positioning of the sidescan sonar data was performed with a differential GPS system 
͞LeiĐa GX ϭϮϯϬ͟, used iŶ RTK ŵode. 
 
 
  
(a) (b) 
Figure 74. (a) The ǀessel ͞Duas Águas͟ fƌoŵ the Poƌt of Aǀeiƌo AuthoƌitǇ ;APA, “.A.Ϳ aŶd (b) the 
combined sidescan sonar and sub-bottom profiler Edgetech 512i system from the University of 
Aveiro. 
 
 
Thirty nine sidescan sonar lines ( 95 km) were acquired at a 100 m range, 
covering an area greater than 10 km2 (see Figure 75), in double frequency: 100 kHz and 
400 kHz. The higher frequency data (400 kHz) data were processed and the mosaic was 
built using the SonarWeb software from Chesapeake Technology (see detailed 
information about sidescan sonar systems and data processing in sections III.2 and 
III.2.3, respectively) through the application of the following main steps/corrections: 
(1) removal of the water column; 
(2) seleĐtioŶ of the ͞BƌoŶze͟ Đoloƌ sĐale as the soŶaƌ iŵageƌǇ Đoloƌ, ǁith a 
contrast of 95.3%; 
(3) ĐoŵputatioŶ of the ĐoƌƌeĐted ŶaǀigatioŶ ďǇ usiŶg the ͞Đouƌse ŵade good͟ 
method and smoothed with a downsample ping interval of 100; 
(4) application of the appropriated fish to GPS antena offsets and layback 
corrections for all the lines; 
(5) correction of the data for the slant range and beam angle effects; 
(6) creation of a mosaic with a resolution of 12 cm and its export as a 
georeferenced image. 
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The mosaic was imported into a georeferenced GIS database (ArcGIS) and the 
final mosaic was built using the ArcGIS tools (Figure 96). 
 
 
Figure 75. Sidescan sonar lines acquired on the scope of this work. Coordinate system in UTM 
Zone 29N, datum WGS84. 
 
 
V.4.3. Sediments sampling and grain size analysis 
 
The sediment samples used in this work were collected on 22 March 2012 on 
ďoaƌd of the ǀessel ͞Ria Azul͟ fƌoŵ the Poƌt of Aǀeiƌo AuthoƌitǇ ;APA, “.A.Ϳ and using a 
sediment grab Petit Ponar (see Figure 76). The author also participated in the 
campaign.  
A set of 49 surface sediment grab samples were collected for this work in the 
͞Baƌƌa de Aǀeiƌo͟ aŶd adjaĐeŶt Ŷeaƌ shoƌe shelf ;see Figure 77). The precise 
positioning of each sampling station was performed with a differential GPS system 
͞LeiĐa GX ϭϮϯϬ͟, used iŶ RTK ŵode. The gƌaiŶ size aŶalǇsis was based on the European 
Standard EN 933-1:2000 (EN, 2000) and the workflow is schematized in Figure 78. Each 
sediment sample was dried at 40ºC and then homogenized and divided into 2 
subsamples by quartering: one of the subsamples was preserved and stored in plastic 
bags properly labeled and the other was analyzed for granulometry. The fine fraction 
(<63 ʅŵ - silt and clay particles) was separated by wet sieving through a 63 ʅŵ sĐƌeeŶ 
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(see Figure 79a) and both fractions (<63 and >63 ʅŵͿ ǁeƌe dƌied aŶd ǁeighed. The 
sedimentary fraction >63 ʅŵ ǁas dƌǇ sieǀed ;see Figure 79b) through a battery of 
sieves ½ phi spaced (from 31.5 mm or -ϱ φ to ϲϯ ʅŵ oƌ ϰ φͿ.  
 
  
(a) (b) 
Figure 76. (a) Vessel ͞Ria Azul͟ fƌoŵ Poƌt of Aǀeiƌo AuthoƌitǇ ;APA, “.A.Ϳ aŶd (b) sediment grab 
Petit Ponar used for sediment sampling. 
 
 
Figure 77. Sediment samples collected for this study in the ͞Baƌƌa de Aǀeiƌo͟ and adjacent 
near shore shelf on March 22nd ϮϬϭϮ usiŶg a ͞Petit PoŶaƌ͟ gƌaď saŵpleƌ. CooƌdiŶate sǇsteŵ iŶ 
UTM Zone 29N, datum WGS84 and bathymetric contours referred to the Hydrographic Zero 
datum (ZH). 
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Figure 78. Workflow for grain size sediment analysis used in the work. The light blue boxes 
represent the techniques and methodologies and the rounded boxes represent the products. 
 
  
(a) (b) 
Figure 79. Grain size sediment analyses: (a) wet sieving through a 63 ʅŵ sĐƌeeŶ; (b) ½ phi 
spaced dry sieving. 
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The gƌaiŶ size distƌiďutioŶ aŶd statistiĐs ǁeƌe ĐalĐulated usiŶg the ͞GRADI“TAT͟ 
program (version 8.0), a package for the analysis of unconsolidated sediments that 
runs within a Microsoft Excel spreadsheet (Blott and Pye, 2001). Using this software, 
the mean size, mode(s), sorting (standard deviation), skewness, and kurtosis textural 
parameters were estimated logarithmically (in phi units) using Folk and Ward graphical 
methods (Folk and Ward, 1957). The median grain size also known as D50 was also 
estimated using the same software (Blott and Pye, 2001; for more detailed information 
about the the grain size analysis please refer to section III.3). The mean size, sorting, 
skewness, and kurtosis textural parameters were subjected to a cluster analysis using 
the software SPSS Statistics (version 20), from IBM, in order to find the correlation 
between the sedimentary samples. The sedimentary data were then inserted into a 
georeferenced GIS database (ArcGIS). 
 
 
V.5. Results and discussion 
V.5.1. Sediment balance and sandbank evolution  
 
Old bathymetric maps analysis (1936 – 1985) 
Eight hydrographic surveys from 1936 to 1985 were compared (Figure 80 and 
Figure 81) in order to understand the evolution of the inlet area and the adjacent 
sandbank. In 1936 the inlet area was narrower than nowadays due to an inner sand 
accumulation close to the north jetty and the inlet navigation channel was about 4 m 
deep (Figure 80a). At that time, there was no external sandbank, although some 
bathymetric perturbations were already noticed due to the inlet influence. 
The two next hydrographic surveys were acquired during the important 
engineering works carried out from 1949 to 1958 (Figure 74 and Table 11). In 1950 
(Figure 80b) the north jetty was already 200 m longer than in 1936 and the S. Jacinto 
coastline followed its evolution, advancing about 200 m seawards in the jetty area. The 
internal sandbank (sand accumulation located south of the north jetty) migrated 
seawards and the internal navigation channel became deeper close to the central jetty, 
reaching a depth of 9 m. At this time it is noticed that the isobathymetric lines moved 
seawards in front of the inlet, indicating the sediment accumulation in front of the 
inlet. In 1954 (Figure 80c) the north jetty was 270 m longer than 4 years before and the 
south jetty was already 320 m long. The S. Jacinto coastline followed once again the 
north jetty growth and advanced 260 m seawards. The internal sandbank and the inlet 
channel were then dredged, leading to a general deepening of the navigation channel. 
In fact, in 1954 the deeper part of the navigation channel was localized close to the 
north jetty registering depths of 9 m. The isobathymetric lines moved seawards once 
agaiŶ, pƌeseŶtiŶg a ͞C͟ shape. 
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In 1965 (Figure 80d), i.e. 7 years after the terminus of the important works 
carried out from 1948 to 1958, the south jetty was already with its actual length and 
the north jetty was 220 m longer than in 1954. At this date a deepening of the 
navigation channel is noticed and the erosion of an area south of the southern jetty 
aŶd south diƌeĐted ;pƌoďaďlǇ due to the eďď ĐuƌƌeŶtsͿ is oďseƌǀed, ŵakiŶg the ͞C͟ 
shaped sand accumulation more evident. This ebb delta was probably originated by 
the littoral drift sediments coming from the north that were deviated seawards by the 
north jetty and the ebb currents.  
In 1966 (Figure 81a) the ebb delta appears to be cut due probably to dredging 
operations to deepen the external navigation channel and the sandbank starts its 
individualization. The navigation channel is now in general deeper, reaching 12 m 
depth between the central and the north structures. In 1976 (Figure 81b) the ebb delta 
growths towards the south and the sandbank shows a slight migration seawards. The 
inlet channel is shallower between the two jetty heads changing from 9 m to 6 m deep. 
The deepest areas of the navigation channel are located between the central and the 
north structures and north of the south jetty, both areas at 12 m of depth. In 1978 
(Figure 81c) the ebb delta is still migrating offshore and the sandbank is growing 
towards the bar. In 1985 (Figure 81d) the north jetty was in the middle of a 500 
seaward extension works, and at the survey date, 200 m had already been extended. 
At that date the deepest part of the channel area was located between the two jetty 
heads reaching 18 m depth. The area close to the north jetty between this structure 
and the central dike is then also deep, registering almost 14 m water depth. At that 
date the bank was well individualized, although its morphology and location was very 
different from its shape and localization in 2012 (see dashed green area in Figure 81d). 
In fact, from 1985 to 2012 the sandbank lost its elongated form and migrated 
southwestwards, probably as a response to the changes in hydrodynamic conditions 
due mostly to the 500 m north jetty extension (1983-1987) and the maintenance 
dredging operations. 
In summary, the analysis of the old bathymetric maps from the study area 
between 1936-1985 shows the existence of a ebb delta formed by the sediments 
coming from north by the littoral drift and allows an assessment of the influence of the 
engineering works on its formation and evolution. This bar was deflected seawards, 
forming a ͞C͟-shaped sand accumulation, due probably to (1) the offshore directed 
construction of the jetties that created a jet stream southwest directed and (2) the ebb 
currents, approximately perpendicular to the littoral drift, that, according to Castanho 
et al. (1974), got stronger as a result of the deepening and widening of navigation 
channel during the works carried out in 1949-1958 that increased the tidal prism in the 
lagoon and the drag capacity of the ebb currents.   
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The formation of the sandbank seems to be related to the remaining south part 
of the ebb delta that was individualized due to the dredging operations for 
maintenance of the navigation channel and the strong ebb currents that reduced the 
sediment accumulation trend in front of the inlet.  
Regarding the coastline evolution and from the comparison between the old 
maps and the present coastline, it is possible to assess that the coast line shows an 
advance in the north part of the north jetty of about 450 m from 1936 until present, 
which represents a coastline advance rate of 5.8 m/year. However, it was from 1950 to 
1954, during the seaward extension of 690 m of the north jetty (see Figure 73 and 
Table 9), that the coastline in S. Jacinto had its main advance towards the sea, 
approximately 300 m, which translates in a mean rate advance per year of 10 m. On 
the contrary, in the inlet southern beaches the coastline retreated, due to the north 
jetty ability to retain the sediments from the littoral drift and dredging activities. In the 
Barra beach the retreat observed from 1936 to 2014 ranged from 150 to 200 m, which 
represents an annual rate retreat of 1.9 to 2.6 m/year. 
 
Recent bathymetric datasets analysis (2010 – 2013) 
The bathymetric datasets used to characterize the more recent evolution of the 
sandbank and its adjacent area were interpolated with the Natural Neighbors (NaN) 
method and the obtained bathymetric surfaces are presented in Figure 83 to Figure 87. 
For each bathymetric surface the sandbank was identified and delimited based on a 
slope of 0.3º, chosen to be higher than the maximum natural slope in the study area. In 
order to better characterize the evolution of the study area, the bathymetric surfaces 
were used to estimate the sediment budget, i.e. the accumulated and eroded 
sediments, either due to dredging/dumping operations or to natural readjustments of 
the bottom surface between successive surveys (Figure 88 to Figure 91), which is 
essential to understand the sandbank morphology evolution through time. In the 
bathymetric maps (Figure 83 to Figure 87), the location of 3 profiles (A-A’, B-B’, aŶd C-
C’Ϳ, used for comparison and shown in Figure 94, is also displayed. 
For the analysis of the bathymetric data, it is important to take in consideration 
the recent engineering works that took place in the study area, with the purpose of 
distinguishing and separating the ͞natural͟ from the anthropogenic processes. Figure 
73 and Table 9 summarize the most important engineering works that took place in 
the ͞Baƌƌa de Aǀeiƌo͟, whereas Table 12 and Figure 82 report the most recent 
dredging operations and respective dredged sand deposits that occurred in this area 
from 2008 to the end of 2013. According to Table 12 and Figure 82, the dredged 
sediment from the navigation channel area were either deposited 6 miles offshore or, 
more recently, close to the beach in the Areas 1 and 2, located respectively between 
the south jetty and the first groin and between the third and fourth groins. 
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Table 12. Dredging operations (date, local and volume) and dumping areas. For the location of 
dredging and dumping areas see Figure 82. 
Dredging operations Local of deposit 
Year 
Month/Time 
of the year 
Volume 
(m
3
) 
Local  (see Figure 82) 
Specific Dredging 
2008 Summer 412 454 
North jetty (Area A), main navigation 
channel, and South Terminal 
6 miles offshore 
     
2009 
Summer 1 000 000 Inlet navigation channel (Area B) Area 1 
Winter 100 000 North jetty emergency dredging (Area C) Area 1 
     
2010 Set. to Nov. 279 000 
South jetty (Area D) and 8 more areas 
inside the lagoon 
50 000m
3
 in Area 1 
229 000 m
3
 6 miles offshore 
     
2012 June 169 218 North jetty extension area (Area E) 169 218 m3 in Area 1 
     
2013 
May 141 123 
Inlet navigation channel (Area F) 
1 274 135 m
3
 in Area 1 
330 783 m
3
 in Area 2 
June 109 021 
July 1 155 477 
October 97 724 
November 101 573 
Maintenance Dredging 
2003 - 
- 
Several maintenance dredging 
operations in Area G 
- 
to 2010 February 
     
2010 February 
- 
Several maintenance dredging 
operations in Area D 
- 
to 2011 September 
 
 
Figure 82. Dredging and sediment dumping areas indicated in Table 12. Coordinate system in 
UTM Zone 29N, datum WGS84. 
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In November 2010 (Figure 83) the sandbank was composed by two main 
elevations, one located closer to the shore, with a roughly N-S orientation, and the 
other located more offshore, oriented WNW-ESE. The most seaward elevation is 
shallower and presents a minimum depth of approximately 4.2 m (see Table 13). In 
average, the sandbank was 7.7 m deep with a mean slope of 0.46º, and a maximum 
slope of 1.54º. The inlet navigation channel has a maximum depth of 28.9 m between 
the two jetty heads. 
In June 2011 (Figure 84) the sandbank morphology was slightly modified with 
the seaward elevation getting deeper (the minimum depth in the sandbank is now 
almost 5 m, see Table 13). The landward bank lost almost 90 cm of its maximum height 
and migrated towards the shore, which is visible in Figure 88 with the sediment 
accumulation trend in the east part of the bank and the removal tendency in the 
central. As a result, the distance between the two main elevations increased. A third 
smaller elevation, located in the northern area of the sandbank, starts to appear, very 
well marked in Figure 88 and coming from the north of the north jetty (littoral drift). In 
average, the sandbank was then 8 m deep and presented a mean slope of 0.35 º, with 
a maximum slope of 1.41º. Therefore, and in general, from November 2010 to June 
2011, the sandbank got deeper and with a lower slope, covering a wider area (Figure 
88 and Table 13). The inlet navigation channel is now deeper, with a maximum depth 
value of 29.0 m. 
In February 2012 (Figure 85) the northern elevation increases its volume and 
significance, growing southward and becoming shallower by about 2 m (its shallowest 
depth changed from 6.7 m in June 2011 to 4.7 m in February 2012). The sediment 
accumulation in this part of the sandbank is very visible in Figure 89. The eastern 
elevation still migrates landward and gets shallower, with the shallowest point (4.5 m 
depth) of the sandbank at that time being located in this elevation. In average, the 
bank was at that time deeper, with a mean depth of 9.9 m, steeper, with a mean slope 
of 0.44º and a maximum slope of 1.8º, and covered a greater area than in June 2011 
(Table 13). The inlet navigation channel became deeper between the two jetty heads, 
with a maximum depth on 29.8 m, although there is a significant accumulation of 
sediments north and south of the north jetty head (Figure 89). 
In November 2012 (Figure 86) the northern elevation is still migrating 
southward, fact very clearly evident in Figure 90 with an accumulation of sediment 
indicating this movement to the south. At this time the highest point of this part of the 
bank is located at a depth of 4.65 m and getting closer to the main elevation located in 
the southern part of the bank, with a minimum depth of 4.6 m. The eastern elevation 
seems to continue its migration towards the coast, although this movement is now less 
significant, and it loses height (its shallowest location is now deeper, at 5.3 m water 
depth). In average, the sandbank was at that date 8.1 m deep and presented a mean 
slope of 0.44º, with a maximum slope of 1.91º. In general, from February to November 
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2012, the sandbank gets shallower, presents the same mean slope, although the 
maximum slope increased, and covers a larger area (Table 13). The maximum depth of 
the inlet navigation channel between the two jetty heads is now less deep, with a 
value of 29.5 m, although the there is a significant removal of sediments around the 
north jetty head (Figure 89) result of the dredging operation that took place in 2012 
(Table 12). 
In November 2013 (Figure 87) the sandbank presents a very different 
morphology, being composed by just one single elevation. The northern elevation, that 
was progradating southwards, appears to have joined the southern elevation, forming 
a single and higher structure. This fact is evidenced by the sediment accumulation in 
the central part of the bank as is show in Figure 91. The eastern part of the bank 
appears to be spread out, although it was possibly covered/masked by the dredging 
sediment that was dumped in 2013 very close to this area (see Table 12, Figure 82 and 
Figure 91). The sandbank now covers a smaller area, although it increased in height, 
with its mean depth changed to 7.9 m and its highest part located at 3.1 m depth; it is 
also steeper, with a mean slope of 0.48º and a maximum slope of 2.46º (Table 13). This 
decrease of the sandbank area is also due to the dredging operations to redefine the 
navigation channel that took place in 2013 (see Table 12 and Figure 82), which caused 
the removal of sediments located in the northwestern part of the bank (see Figure 91), 
leading to the reduction of the sandbank area and volume. Due to these several 
dredging operations, the navigation channel is now deeper as a whole, changing from 
a depth that ranged from 9 m to 14 m to depths almost always deeper than 13 m (see 
longitudinal profiles of the navigation channel from November 2010 to November 
2013 in Figure 92). The maximum depth is still located between the two jetties heads 
and reaches now the maximum value of 30.2 m. 
 
 
Table 13. Quantitative estimates of the sandbank extent, depth, and slope. 
Date 
Perimeter 
(km) 
Area 
(km
2
) 
Minimum 
depth (m) 
Mean 
depth (m) 
Depth 
Standard 
deviation (m) 
Maximum 
slope ( º) 
Mean 
slope ( º) 
Slope 
Standard 
deviation ( º) 
November 2010 6.2 2.76 4.1 7.6 1.73 1.54 0.46 0.26 
June 2011 6.5 2.79 4.9 8.0 1.79 1.41 0.35 0.19 
February 2012 7.0 3.04 4.5 9.9 2.00 1.83 0.44 0.23 
November 2012 7.7 3.17 4.6 8.1 2.09 1.91 0.44 0.25 
November 2013 5.8 2.19 3.1 7.9 2.09 2.46 0.48 0.28 
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Figure 83. Bathymetry acquired in November 2010 (sandbank and adjacent areas) and in 
December 2010 (inlet area). Coordinate system in UTM Zone 29N, datum WGS84 and 
bathymetry referred to the Hydrographic Zero datum (ZH). 
 
 
Figure 84. Bathymetry acquired in June 2011 used for this study. Coordinate system in UTM 
Zone 29N, datum WGS84 and bathymetry referred to the Hydrographic Zero datum (ZH). 
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Figure 85. Bathymetry acquired in February 2012 used for this study. Coordinate system in 
UTM Zone 29N, datum WGS84 and bathymetry referred to the Hydrographic Zero datum (ZH). 
 
 
Figure 86. Bathymetry acquired in November 2012used for this study. Coordinate system in 
UTM Zone 29N, datum WGS84 and bathymetry referred to the Hydrographic Zero datum (ZH). 
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Figure 87. Bathymetric bottom surface acquired in November 2013 and used for this study. 
Coordinate system in UTM Zone 29N, datum WGS84 and bathymetry referred to the 
Hydrographic Zero datum (ZH). 
 
Figure 88. Sedimentary balance (m) occurred from November/December 2010 to June 2011. 
Positive values refer to sediment accumulation and negative to removal. Coordinate system in 
UTM Z29N, WGS84. 
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Figure 89. Sedimentary balance (m) occurred from June 2011 to February 2012. Positive values 
refer to sediment accumulation and negative to removal. Coordinate system in UTM Z29N, 
WGS84. 
 
 
Figure 90. Sedimentary balance (m) occurred from February 2012 to November 2012. Positive 
values refer to sediment accumulation and negative to removal. Coordinate system in UTM 
Z29N, WGS84. 
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Figure 91. Sedimentary balance (m) occurred from November 2012 to November 2013. 
Positive values refer to sediment accumulation and negative to removal. Coordinate system in 
UTM Z29N, WGS84. 
 
 
Figure 93 shows the sandbank edge evolution through time, delimited by a 
slope value of 0.3 degrees, higher than the maximum natural slope in the study area. 
The sandbank area and perimeter increased (24% and 15%, respectively) from 
November 2010 to November 2012, although from November 2012 to November 
2013, a significant reduction in its area and perimeter (24% and 30%, respectively) was 
observed (see also Table 13). This results in a total reduction of the sandbank area and 
perimeter of 6% and 21%, respectively, for the 3 years in analysis. 
In order to evaluate the migration of the sandbank, the center of mass 
(centroid) was estimated and is shown in Figure 93. The centroid moved 170 m 
northwestwards from November 2010 to June 2011, 76 m southwards until February 
2012, 76 m northeastwards until November of the same year, and 254 m 
southwestwards until November 2013. 
 
Chapter V. “ediŵeŶtaƌǇ dǇŶaŵiĐs of the ͞Baƌƌa de Aǀeiƌo͟ aŶd the outer sandbank 
147 
 
  
F
ig
u
re
 9
2
. B
at
h
ym
et
ri
c 
p
ro
fi
le
s 
lo
n
gi
tu
d
in
al
 t
o
 t
h
e 
n
av
ig
at
io
n
 c
h
an
n
el
. B
at
h
ym
et
ry
 r
ef
er
re
d
 t
o
 t
h
e
 H
yd
ro
gr
ap
h
ic
 Z
er
o
 d
at
u
m
 (
ZH
).
 
 
Chapter V. “ediŵeŶtaƌǇ dǇŶaŵiĐs of the ͞Baƌƌa de Aǀeiƌo͟ aŶd the outer sandbank 
148 
 
 
Figure 93. Sandbank edge and mass center evolution through time, between November 2010, 
June 2011, February 2012, November 2012, and November 2013. Coordinate system in UTM, 
Zone 29N, datum WGS84. 
 
The center of mass analysis shows two main migration episodes: (1) about 
150 m northwestwards from November 2010 to June 2011, associated to the 
formation of the northern elevation, that caused the movement of the center of mass 
towards this area; and (2) approximately 220 m southwestwards, from November 2012 
to November 2013, probably associated to the southward migration of the northern 
elevation, but most possibly due to the dredging operations to deepen the navigation 
channel that took place in 2013, which originated the large reduction of the sandbank 
area and volume in its northwestern part, very well seen in the sandbank edge contour 
evolution from 2012 to 2013 (see the sediment removal in the navigation channel in 
Figure 91 and the edge evolution in Figure 93). The resultant migration of the centroid 
from 2010 to 2013 was approximately 276 m southwestwards.  
The analysis of the bathymetric profiles along (Figure 94a) and across (Figure 
94b and c) the sandbank (see also from Figure 83 to Figure 87 for the profile location) 
shows that the northern elevation, absent in November 2010, is already noticed in 
June 2011 and starts growing and migrating southwards until November 2013 (Figure 
94b). The southwest elevation appears to have the same migration trend southwards, 
although with a less significant displacement and just until November 2012.  
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Figure 94. Bathymetric profiles in the sandbank-area. (a) Longitudinal profile along the main 
sandbank axis (A – A’ iŶ Figure 83 to Figure 87); (b) Transversal profile to the main sandbank 
axis in the western part of the bank (B – B’ iŶ Figure 83 to Figure 87); (c) Transversal profile to 
the main sandbank axis in the eastern part of the bank (C – C’ iŶ Figure 83 to Figure 87). 
Bathymetry referred to the Hydrographic Zero datum (ZH). 
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In November 2013 the southwest elevation of the bank was either eroded and 
disseminated or migrated northwards and joined with the sediment coming from the 
northern elevation. The elevation located closer to the coast (Figure 94a and c) 
appears to have migrated northeastwards (also noticed in the bathymetric surface 
analysis) and to have lost its significance and topographic relevance, probably due to 
the sand deposit from the dredging operations occurred during 2013, which probably 
masked the importance of this elevation. In fact, from 2010 to 2013 the depth of this 
elevation decreased approximately 1.5 m, although the area located north showed an 
increase of almost 2 m of its bathymetric surface (see C’ aƌea iŶ Figure 94c). 
Additionally, a contour line that connects the higher (and therefore shallower) 
points of the bank was drawn and the result is presented in Figure 95 (in order to 
better visualize the morphological evolution, avoiding overlapping lines, just the years 
that present the most significant changes are shown in the figure). This analysis shows 
the seawards deflection through time of a ebb delta formed by the sediments coming 
fƌoŵ Ŷoƌth ďǇ the littoƌal dƌift, foƌŵiŶg a ͞C͟-shaped sand accumulation. The more 
recent bathǇŵetƌies shoǁ a Đleaƌ iŶteƌƌuptioŶ of this ͞C͟-shaped sand accumulation in 
the inlet area and its deflection is seawards but also south directed, which could be the 
result of several factors: (1) dredging operations to deepen the navigation channel; (2) 
the southwestwards extension of the north jetty that created a jet stream also 
southwest directed; and (3) the stronger ebb currents, as a result of the deepening and 
widening of the navigation channel. 
Another important information that may be derived from Figure 95 is the area 
where the sandbank crest connects with the shore south of the inlet. This location 
indicates the area where the littoral drift is restored and delimitates the influence of 
the inlet in the littoral drift. From this analysis (Figure 95) it is visible that the area 
where the littoral drift is restored is moving south through time. If in 1954 the inlet 
influence was mostly restricted to the inlet area, in 1966 its influence almost reached 
the first groin area (1200 m south of the south jetty head), and in 2013 the jetties 
influence achieved the second groin (2300 m south of the south jetty head). 
As already mentioned above, the sandbank volume estimation for each 
bathymetric dataset was performed based on the difference between the bathymetric 
surface obtained using all the bathymetric data points (with sandbank) and a 
theoretical surface estimated based on the data with the exclusion of the points in the 
bank area (without sandbank; see the estimated surfaces in Figure 94 – dashed lines). 
According to this estimation (Table 14), the bank reduced its volume from November 
2010 to June 2011, increased until November 2012, and decreased again until 
November 2013, reaching 4.3 million of m3 of sediment at that date. 
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Figure 95. Sandbank ͞C͟ shaped crest evolution through time, between August 1954 and 
November 2013. Coordinate system in UTM, Zone 29N, datum WGS84. 
 
The sedimentary balance was estimated based on 2 different methods: (1) the 
differences between the calculated sandbank volumes for each bathymetric episode 
(see Table 14) and (2) the differences between successive bathymetric surfaces in the 
sandbank area (see Table 15). The results obtained show the same trend and similar 
values, with the exception of the balance between June 2011 and February 2012, 
which show a difference of 8% in the sandbank volume. 
 
Table 14. Sandbank volume estimation between November 2010 and November 2013. 
 Volume (m3) Area (km2) Balance (m3) 
November 2010 4 740 000 2.7 
-710 000 
June 2011 4 030 000 2.8 
+790 000 
February 2012 4 820 000 3.0 
+200 000 
November 2012 5 020 000 3.1 
-700 000 
November 2013 4 320 000 2.2 
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Table 15. Volumes of sediment accumulation and removal between successive bathymetric 
surveys in the sandbank area.  
Period in consideration 
Sediment 
Accumulation (m
3
) 
Sediment 
Removal (m
3
) 
Balance (m
3
) Area (km
2
) Height (cm) 
Nov 2010 to June 2011 363 000 -1 051 000 -688 000 3.0 -23 
June 2011 to Feb 2012 852 000 -361 000 491 000 3.2 15 
Feb 2012 to Nov 2012 722 000 -521 000 201 000 3.4 6 
Nov 2012 to Nov 2013 845 000 -1 611 000 -766 000 3.3 -23 
 
In general, from 2010 to 2013, the sandbank is loosing sediment through time, 
probably by both natural and anthropogenic reasons, as described above: 420 000 m3 
using the method (1) and 660 000 m3 using the methodology (2). From 2010 to 2013 
the sandbank reduced approximately 9% of its initial volume. 
 
 
V.5.2. Sidescan sonar data 
 
In order to characterize the sedimentary dynamics and the nature of the 
seabottom of the sandbank, a sidescan survey, complemented with sediment sampling 
for sonar backscatter calibration was carried out. The sidescan sonar data acquired in 
the study area allowed the construction of the mosaic shown in Figure 96. This mosaic 
indicates the existence of three main areas with different average backscatter 
intensity: Area 1: high backscatter (brownish yellow color); Area 2: intermediate 
backscatter (brown color); and Area 3: low backscatter (dark brown color). Area 1 
occurs mainly in the inlet area (between the two jetties), although it is also observed 
outside the inlet doing a semi-arc with its convexity directed offshore. Area 2 occurs in 
limited extents and it is generally associated to bathymetric depression zones; these 
areas are observed in the northwest and southwest of the semi-arc previously 
mentioned and in the southwestern part of the mosaic. Area 3 corresponds to the 
remaining regions of the mosaic, associated probably with finer sediment than the 
sediment present in areas 1 and 2. The north part of the mosaic (also included in Area 
3) presents a very low backscatter and therefore very dark brown colors; which is 
probably associated to sediment even finer then the sediment that composes the 
remaining parts of Area 3. 
Asymmetrical bedforms were identified in several areas of the mosaic (Figure 
97) and give important indications about the predominant bottom currents and may 
help to constrain the estimates of the flow velocity of the study area. In fact, 
asymmetrical bedforms are generally produced by currents that are unidirectional or 
predominant in one direction (for more detailed information on bedforms see section 
III.2.4), presenting a steep lee side (downstream) and gentle rear side. Moreover, the 
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shape of the bedform may also give important indication of the flow velocity (see 
section III.2.4 and Figure 31). 
 
 
Figure 96. Sidescan sonar mosaic produced for the study area, acquired in a 3 days survey (21 
and 22 December 2011 and 13 January 2012). Coordinate system in UTM Zone 29N, datum 
WGS84. Part of the zoning in the figure is due to ArcGIS display of the mosaic at this scale. 
 
The bedforms were described according to their wavelength and height, 
estimated using the principles mentioned in section III.2.4, mainly in Figure 29 and 
Equation (12); their symmetry, which may indicate the direction of the predominant 
current; and their shape and size, which indicates about the velocity flow of the area. 
The sidescan sonar mosaic interpretation and in particular the bedform analysis 
indicates that between the two jetties the predominant currents are mainly parallel to 
the navigation channel in the WSW direction (Figure 97). In fact, asymmetrical 
bedforms with wavelengths that range from 5 to 16 m and heights that varies from 30 
to 80 cm were identified. According to these measurements and the classification 
described in section II.2.4 these bedforms can be classified as megaripples. Note that 
the smaller bedforms are mainly located close to the edge of the navigation channel 
indicating weaker velocity flows. The greater megaripples are located closer to the 
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center of the navigation channel which indicates an increase of the velocity flows (see 
section III.2.4 where this correlation is explained). 
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The area around the south jetty shows asymmetrical megaripples indicating a 
predominant bottom currents WNW directed and with wavelengths that range from 6 
to 10 m and heights of ~50 cm. The greater bedforms are located closer to the center 
of the navigation channel, are very sinuous in shape, and sometimes it is possible to 
identify the presence of superposed ripples (Figure 97). 
Outside the lagoon the megaripples get smaller with the distance from the inlet 
area ranging from 7 m wavelength and 80 cm high close to the inlet area (outside the 
jetties) to 1.5 m wavelength and 20 cm high farther from the inlet (Figure 97). This fact 
may indicate a decrease of the velocity flows with the distance to the inlet. In general 
the asymmetrical bedforms show predominant bottom currents that appear to be 
from WSW to SSW, with exception to the southeastern part of the previously 
mentioned semi-arc that presents megaripples southeast directed.  
 
 
V.5.3. Grain size parameters characterization 
 
The textural analysis of the sediment samples collected in the study area 
presents a grain median size (D50Ϳ of ϭ.ϴϭ φ iŶ aǀeƌage, ĐoƌƌespoŶdiŶg to ŵediuŵ saŶd 
class, varying from -0.14 φ ;ǀeƌǇ Đoaƌse saŶdͿ to Ϯ.ϴ1 φ ;fiŶe saŶd; see Table 16). 
According to D50, most of the saŵples ;≈78%) are included into the fiŶe ;≈ϰϳ%Ϳ aŶd 
ŵediuŵ ;≈ϯϭ%) sand classes (see Table 17). 
 
Table 16. General characterization of the gain size parameters. 
 D50 ;φͿ MeaŶ size ;φͿ “oƌtiŶg;φͿ Skewness Kurtosis 
Average 1.81 1.78 0.62 -0.09 1.22 
Minimum -0.14 -0.16 0.16 -0.51 0.74 
Maximum 2.81 2.82 1.68 0.37 2.35 
Standard 
deviation 
0.69 0.71 0.19 0.11 0.18 
 
The gƌaiŶ ŵeaŶ size of ϭ.ϳϴ φ iŶ aǀeƌage ǁas estiŵated foƌ the ĐolleĐted 
sediments samples, corresponding to medium sand class, varying from -Ϭ.ϭϲ φ ;ǀeƌǇ 
Đoaƌse saŶdͿ to Ϯ.ϴϮ φ ;fiŶe saŶd; see Table 16). According to mean size, most of the 
saŵples ;≈ϴϬ%Ϳ aƌe iŶĐluded iŶto the fiŶe ;≈ϰϳ%Ϳ aŶd ŵediuŵ ;≈ϯϯ%Ϳ saŶd Đlasses ;see 
Table 17). The average sorting value is 0.62 φ that ĐoƌƌespoŶds to ŵodeƌatelǇ ǁell 
soƌted sediŵeŶt, ǀaƌǇiŶg fƌoŵ ǀeƌǇ ǁell soƌted ;Ϭ.ϭϲ φͿ to pooƌlǇ soƌted sediŵeŶt 
;ϭ.ϲϴ φͿ. Most of the saŵples ;≈ϳϰ%Ϳ aƌe ŵodeƌatelǇ ǁell soƌted ;≈ϰϱ%Ϳ to ǁell soƌted 
;≈Ϯϵ%Ϳ sediŵeŶt. Alŵost ϱϬ% of the saŵples pƌeseŶt a sǇŵŵetƌiĐ Đuƌǀe, ǁith a 
skewness average value of -0.09 (symmetrical), a minimum value of -0.51 (very coarse 
skewed) and a maximum value of 0.37 (very fine skewed). The average value for the 
kurtosis is 1.22 (leptokurtic), with more than 59% of the samples (Table 17), showing a 
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leptokurtic curve. The minimum kurtosis value is 0.74 (platykurtic) and the maximum is 
2.35 (very leptokurtic). The mean size is the textural parameter that presents a higher 
dispersion to the average, with the highest standard deviation (0.71 φͿ, aŶd the 
skewness is the less dispersive textural parameter, with a standard variation of 0.11 φ. 
 
Table 17. Textural parameters frequency and percentage for the sedimentary samples 
collected on the study area. 
Class Frequency Percentage (%) 
Median size (D50)   
Very coarse sand (-1 φ – 0 φ) 1 2.0 
Coarse sand (0 φ – 1 φ) 10 20.4 
Medium sand (1 φ – 2 φ) 15 30.6 
Fine sand (2 φ – 3 φ) 23 46.9 
Mean size   
Very coarse sand  1 2.0 
Coarse sand 9 18.4 
Medium sand 16 32.7 
Fine sand 23 46.9 
Sorting   
Very Well Sorted 2 4.1 
Well Sorted 14 28.6 
Moderately Well Sorted 22 44.9 
Moderately Sorted 7 14.3 
Poorly Sorted 4 8.2 
Skewness   
Very Fine Skewed 1 2.0 
Fine Skewed 3 6.1 
Symmetrical 24 49.0 
Coarse Skewed 16 32.7 
Very Coarse Skewed 5 10.2 
Kurtosis   
Platykurtic 3 6.1 
Mesokurtic 13 26.5 
Leptokurtic 29 59.2 
Very Leptokurtic 4 8.2 
 
All the study area is covered by sands that range from fine to very coarse sand 
(see Figure 98 and Figure 99). The coarse and very coarse sand samples were collected 
mainly in the inlet and in its proximal adjacent area (blue and green dots in Figure 98 
and red and green dots in Figure 99). The medium sand samples (yellow dots in Figure 
98 and pink dots in Figure 99) were found mainly in the sandbank area and 
surrounding the inlet area, and the fine sand (orange dots in Figure 98 and violet dots 
in Figure 99), that represents almost 50% of the sampling, appears to correspond to 
the near-shore shelf sediment without the inlet influence. These results are in 
agreement with the work published by Freitas et al. (2005) with the collection and 
grain size analǇsis of ϭϵ supeƌfiĐial sediŵeŶt saŵples iŶ the ďaƌ ĐhaŶŶel of ͞Ria de 
Aǀeiƌo͟ aŶd Ŷeaƌ-shore shelf. The spatial distribution of sediment by size (D50 and 
mean size) appears to indicate that the coarser sediment is present on the most 
energetic and hydrodynamic area (inlet area). 
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Figure 98. Sediment median size (D50Ϳ estiŵated ǁith the ͞GRADI“TAT͟ pƌogƌaŵ. The blue 
lines in the map correspond to the isobathymetric lines from February 2012 (2 m in the open 
sea and 4 m in the inlet area and inside the lagoon). Coordinate system in UTM Z29N, datum 
WGS84 and bathymetry referred to ZH. 
 
 
Figure 99. Sediment mean size based on Blott and Pye (2001) classification and estimated with 
the ͞GRADISTAT͟ pƌogƌaŵ. The blue lines in the map correspond to the isobathymetric lines 
from February 2012 (2 m in the open sea and 4 m in the inlet area and inside the lagoon). 
Coordinate system in UTM Z29N, datum WGS84 and bathymetry referred to ZH. 
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The sedimentary samples together with the sidescan sonar data allowed mapping the 
bottom sediments in the ͞Baƌƌa de Aǀeiƌo͟ and near shore shelf area showed in Figure 
100. For that, an interpretation of the sidescan sonar mosaic calibrated with the 
sedimentary samples was performed, based on the positive correlation between mean 
backscatter intensity and mean grain size supported by several authors (e.g. Davis et 
al., 1996; Blondel et al., 1998; Goff et al., 1999; Preston et al., 2004; Collier and Brown, 
2005) that have demonstrated the dependence of the acoustic backscatter variations 
on the sediment grain-size distribution (remind section III.2.4). The 3 different 
backscatter areas identified in the previous section (V.5.2) were now correlated with 
the sediment grain-size: Areas 1 and 2 (higher backscatter) correspond to areas with 
coarse and medium sand samples were collected and Area 3 (low backscatter) exhibits 
fine sands (Figure 100). 
 
 
Figure 100. Sediment mean size map produced by integrating the information from the 
sedimentary samples with the sidescan sonar mosaic. The blue lines in the map correspond to 
the isobathymetric lines from February 2012 (2 m in the open sea and 4 m in the inlet area and 
inside the lagoon). Coordinate system in UTM Z29N, datum WGS84 and bathymetry referred 
to ZH. 
 
The poorly and moderately sorted sediment samples, represented by the pink 
and purple dots, respectively, in Figure 101, are mainly located in the inlet and in the 
northeast part of the sandbank. This fact may be due to the high energetic conditions 
of the area and/or to a mixture of different sediment populations. The central and 
western part of the sandbank is mainly composed of well sorted and very well sorted 
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sediment, as shown by the light blue and green dots, respectively, in Figure 101, which 
may indicate that this area is in hydrodynamic balance. The north and the 
southeastern part of the study area present in general moderately well sorted 
sediment (dark blue dots in Figure 101), which represent almost 45% of the sampling. 
The variations in both mean grain size and in sorting inside the sandbank area 
may be related with the different energetic conditions that act in the bank area, which 
appear to decrease from the inlet area to the south. In fact, from the inlet towards the 
sandbank, the sediments become finer and well sorted due to the decrease of the 
energetic conditions.  
 
 
Figure 101. Sorting of the sediment distribution curve based on Folk and Ward (1957) and 
estimated with the GRADISTAT program. The blue lines in the map correspond to the 
isobathymetric lines from February 2012 (2 m in the open sea and 4 m in the inlet area and 
inside the lagoon). Coordinate system in UTM Z29N, datum WGS84 and bathymetry referred 
to ZH. 
 
Regarding the skewness, almost half of the samples present a symmetrical 
distribution curve (ligth blue dots in Figure 102), being located predominantly in the 
sandbank area. Just 8% of the samples present a fine or very fine skewed distribution 
(dark blue and pink dots, respectively, in Figure 102) and these are located southwest 
of the sandank. The coarse and very coarse skewed sediments (green and light brown 
dots, respectively, in Figure 102) are found in the inlet area and out of the mouth, with 
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the coarse skewed sediment being also located in the surrounded areas of the 
sandbank. The areas where these sediments are located are probably associated to 
high and very high energetic conditions that promote the removal of part of the fine 
fraction and lead to a coarse or very coarse skewed sediment (see section III.3 and 
Figure 34). 
 
 
 
Figure 102. Skewness of the sediment distribution curve based on Folk and Ward (1957) and 
estimated with the GRADISTAT program. The blue lines in the map correspond to the 
isobathymetric lines from February 2012 (2 m in the open sea and 4 m in the inlet area and 
inside the lagoon). Coordinate system in UTM Z29N, datum WGS84 and bathymetry referred 
to ZH. 
 
 
Almost 70% of the samples present a leptokurtic or very leptokurtic distribution 
curve (green and blue dots, respectively, in Figure 103), being located predominantly 
in the north, south and western parts of the study area, including the northwestern 
area of the sandbank, and in the lagoon inlet. In the outer part of the inlet and in the 
shallowest part of the sandbank 3 platykurtic samples were found (light brown dots in 
Figure 103). The sediments collected in the eastern part of the sandbank present a 
mesokurtic distribution, as well as to the northwest of the inlet (pink dots in Figure 
103). 
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Figure 103. Kurtosis of the sediment distribution curve based on Folk and Ward (1957) and 
estimated with the GRADISTAT program. The blue lines in the map correspond to the 
isobathymetric lines from February 2012 (2 m in the open sea and 4 m in the inlet area and 
inside the lagoon). Coordinate system in UTM Z29N, datum WGS84 and bathymetry referred 
to ZH. 
 
The four textural parameters mean size, sorting, skeweness, and kurtosis were 
correlated between each other (see Figure 104), being possible to recognize that the 
coarser sands are more poorly sorted (Figure 104a) and generally more coarsely 
skewed (Figure 104b). The better sorted samples are generally symmetric (Figure 104c) 
and platykurtic (Figure 104d), and the very coarse and coarse skewed are mesokurtic 
to leptokurtic (Figure 104e). 
The analysis of the four textural parameters seems to show the inlet influence 
area on the sedimentary cover of the near shore shelf, which is evident on the NE/SW 
axis that connects the inlet and the sandbank. 
In order to find the spatial correlation between the sedimentary samples, the 
four textural parameters were subjected to a cluster analysis using the software SPSS 
Statistics (version 20), from IBM. The clustering was performed using the mean size, 
sorting, skewness, and kurtosis as variables, the average linkage method (between 
groups), and the Euclidean distances. Based on the obtained dendogram and using a 
cutting distance of 10 (Figure 105), three groups of stations were established: groups 
1, 2, and 3. More than 63% of the sedimentary samples belong to the group 1, almost 
25% to the group 2, and only 12% are included into group 3. Based on the geographical 
location of the groups (Figure 106), it appears that group 1 is associated with the 
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superficial sediments of the inner near-shore shelf and the groups 2 and 3 are related 
to the lagoon inlet and its adjacent area of influence. 
 
 
  
(a) (b) 
  
(c) (d) 
 
(e) 
Figure 104. Correlation between the grain size parameters (a) mean size vs sorting; (b) mean 
size vs skewness; (c) sorting vs skewness; (d) sorting vs kurtosis; and (e) skweness vs kurtosis. 
V.C.Sand - Very coarse sand; C. Sand - Coarse sand; M. Sand - Medium sand; F. Sand - Fine 
sand; VWS - Very Well Sorted; WS - Well Sorted; MWS - Moderately Well Sorted; MS - 
Moderately Sorted; PS - Poorly Sorted; VFSk - Very Fine Skewed; FSk - Fine Skewed; S – 
Symmetrical; CSk - Coarse Skewed; VCSk - Very Coarse Skewed; P – Platykurtic; M – 
Mesokurtic; L – Leptokurtic; VL - Very Leptokurtic. 
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Figure 105. Tree diagram obtained in the cluster analysis using average linkage (between 
groups) and Euclidean distances. Three main groups may be individualized from the 
dendogram, with the cut off at 10. 
 
 
Figure 106. Location of the sediment samples classified as group 1 (green dots), group 2 (blue 
dots), and group 3 (red dots). The blue lines in the map correspond to the isobathymetric lines 
from February 2012 (2 m in the open sea and 4 m in the inlet area and inside the lagoon). 
Coordinate system in UTM Z29N, datum WGS84 and bathymetry referred to ZH. 
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Group 1 is exclusively composed by fine (more than 74%) and medium sand 
(almost 26%), with a mean size average of 2.34 φ, ǁheƌeas gƌoup Ϯ, ǁith a ŵeaŶ size 
average of 1.13 φ, is ŵaiŶlǇ Đoŵposed ďǇ ŵediuŵ saŶd ;alŵost ϲϳ%Ϳ ǁith 
approximately 33% of samples classified as coarse sand (see Table 18 and Table 19). 
Group 3 presents a mean size average of 0.2 φ aŶd it is alŵost eǆĐlusiǀelǇ ĐoŶstituted 
by coarse sand, having only one sample belonging to the very coarse sand class. Group 
1 is the one that presents a higher dispersion to the mean size average, with a 
standard deviation of 0.3 φ, ǁheƌeas gƌoup ϯ is the less dispeƌsiǀe, ǁith a staŶdaƌd 
deviation of 0.18 φ. The aǀeƌage soƌtiŶg ǀalue is Ϭ.ϰϵ φ foƌ gƌoup ϭ, Ϭ.ϲ6 φ foƌ gƌoup Ϯ, 
and 1.2 φ foƌ gƌoup ϯ, iŶdiĐatiŶg that the soƌtiŶg is, iŶ geŶeƌal, gettiŶg pooƌeƌ fƌoŵ 
group 1 to 3, and consequently from the inlet distal areas to the inlet proximal areas. 
Group 3 is the group that presents a higher dispersion to the sorting average, with a 
standard deviation of 0.23 φ, ǁheƌeas gƌoup ϭ is the less dispeƌsiǀe, ǁith a staŶdaƌd 
deviation of 0.06 φ. Gƌoups ϭ aŶd Ϯ aƌe ŵaiŶlǇ ĐhaƌaĐteƌized ďǇ sǇŵŵetƌiĐal ;aďout 
50%) and coarse skewed (more than 35% for group 1 and more than 40% for group 2) 
sediment distributions, with skewness average values of -0.06 and 0.04 (symmetrical), 
respectively. Group 3 is exclusively composed by very coarse skewed (almost 67%) and 
symmetrical (more than 33%) samples, with an average for skewness of -0.31. Group 3 
is the one that presents a higher dispersion to the skewness average, with a standard 
deviation of 0.22 φ, ǁheƌeas gƌoups ϭ aŶd Ϯ shoǁ a sŵalleƌ staŶdaƌd deǀiatioŶ of 
0.09 φ. Gƌoups ϭ aŶd ϯ pƌeseŶt a pƌedoŵiŶaŶĐe of sediŵeŶts ǁith a leptokuƌtic curve 
(more than 61% and more than 83%, respectively), whereas half of the group 2 
presents mesokurtic curves.  
 
Table 18. General characterization of the textural parameters by group. 
 MeaŶ size ;φͿ “oƌtiŶg;φͿ Skewness Kurtosis 
Group 1     
Average 2.34 0.49 -0.06 1.22 
Minimum 1.67 0.33 -0.36 0.74 
Maximum 2.82 0.68 0.14 1.64 
Standard deviation 0.30 0.06 0.09 0.16 
Group 2     
Average 1.13 0.66 -0.04 1.10 
Minimum 0.80 0.16 -0.16 0.74 
Maximum 1.54 0.93 0.37 1.37 
Standard deviation 0.21 0.14 0.09 0.14 
Group 3     
Average 0.20 1.20 -0.31 1.45 
Minimum -0.16 0.91 -0.51 1.21 
Maximum 0.40 1.68 0.07 2.35 
Standard deviation 0.18 0.23 0.22 0.30 
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Table 19. Textural parameters frequency and percentage for the sedimentary samples 
collected on the study area divided by groups. F represents the frequency and % the 
percentage. 
 Group 1 Group 2 Group 3 
Class F % F % F % 
Mean size       
Very coarse sand  0 0 0 0 1 16.7 
Coarse sand 0 0 4 33.3 5 83.3 
Medium sand 8 25.8 8 66.7 0 0 
Fine sand 23 74.2 0 0 0 0 
Sorting       
Very Well Sorted 1 3.2 1 8.3 0 0 
Well Sorted 14 45.2 0 0 0 0 
Moderately Well Sorted 16 51.6 6 50.0 0 0 
Moderately Sorted 0 0 5 41.7 2 33.3 
Poorly Sorted 0 0 0 0 4 66.7 
Skewness       
Very Fine Skewed 0 0.0 1 8.3 0 0 
Fine Skewed 3 9.7 0 0 0 0 
Symmetrical 16 51.6 6 50.0 2 33.3 
Coarse Skewed 11 35.5 5 41.7 0 0 
Very Coarse Skewed 1 3.2 0 0.0 4 66.7 
Kurtosis       
Platykurtic 2 6.5 1 8.3 0 0 
Mesokurtic 7 22.6 6 50.0 0 0 
Leptokurtic 19 61.3 5 41.7 5 83.3 
Very Leptokurtic 3 9.7 0 0 1 16.7 
 
 
The four textural parameters were then correlated and plotted by groups (see 
Figure 107), where it is possible to notice that the mean size is the most important 
parameter in the groups splitting. The samples belonging to group 3 (red symbols in 
Figure 107) are coarser, more poorly sorted, and generally more coarsely skewed. 
Group 1 (green symbols in Figure 107) is characterized by finer sediment, better 
sorted, and generally symmetric. Group 2 seems to present an intermediate behavior, 
although the correlation plots and also the cluster analysis show that this group looks 
closer to group 1. Figure 107c is a good example, showing groups 1 and 2 very well 
individualized; moreover this plot shows that the sediment frequency curves with the 
same skewness are generally worse calibrated in group 2 than in group 1. 
The cluster analysis of the four textural parameters - mean size, sorting, 
skewness and kurtosis – allowed the spatial correlation between the sedimentary 
samples. The results showed that group 1 (finer sediments) is related to the superficial 
sediments of the inner near-shore shelf and the groups 2 and 3 (coarser sediments) are 
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related to the lagoon inlet and its adjacent area of influence, giving an indication about 
the main area of influence of the inlet in the nearshore and in particular in the 
sandbank. 
 
  
(a) (b) 
  
(c) (d) 
Figure 107. Correlation between the grain size parameters by group (a) mean size vs sorting; 
(b) mean size vs skewness; (c) sorting vs skewness; (d) skweness vs kurtosis. V.C.Sand - Very 
coarse sand; C. Sand - Coarse sand; M. Sand - Medium sand; F. Sand - Fine sand; VWS - Very 
Well Sorted; WS - Well Sorted; MWS - Moderately Well Sorted; MS - Moderately Sorted; PS - 
Poorly Sorted; VFSk - Very Fine Skewed; FSk - Fine Skewed; S – Symmetrical; CSk - Coarse 
Skewed; VCSk - Very Coarse Skewed; P – Platykurtic; M – Mesokurtic; L – Leptokurtic; VL - Very 
Leptokurtic. 
 
 
V.5.4. Population analysis and conceptual model 
 
Sediments that present very asymmetric curves and more than one mode may 
indicate a mixing of two or more populations or the removal of part of the sediment 
from a single population (remind section III.3). Figure 108 shows that the samples that 
present extreme values of skewness and/or more than one mode are mainly located in 
the inlet area. The distribution curves of all samples were examined (some examples 
are presented from Figure 109 to Figure 111) and the samples were macroscopically 
observed (direct observation, naked eye, to identify the presence of bioclasts and 
terrigenous, including micaceous minerals) with the purpose of identify the population 
and the presence of more than one population. 
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Figure 108. Location of the non-normal values of skewed (very coarse and very fine skewness) 
and the bimodal (blue star) sediment samples. The blue lines in the map correspond to the 
isobathymetric lines from February (2 m in the open sea area and by 4 m in the inlet area and 
inside the lagoon). Coordinate system in UTM Zone 29N, datum WGS84 and bathymetry 
referred to ZH. 
 
Generally, the sediments collected in the study area are composed of silisticlastic 
sand with a minor biogenic component, present in part of the samples and essentially 
expressed on the coarse tails of the distribution curves (see for example Figure 110b). 
The population analysis led to the definition of five possible terrigenous populations 
and one biogenic: 
 Population A – is the dominant sediment population in most part of the 
study area and is present in almost all the sediments except in the ones 
located in the inlet area and the northern and central part of the 
sandbank. It is a siliciclastic population with a modal value that ranges 
from 2 to 3 φ (see histogram of Figure 109a); 
 Population B – very similar to population A, is the dominant population 
of the sediments located in the central and northeastern part of the 
sandbank and the southern area of the south jetty. This population is 
terrigenous and presents a mode that ranges from 1 to 2 φ ;see 
histogram of Figure 110a); 
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 Population C – is the most significant population of the sediment 
samples collected in the inlet and in its prolongation until the northern 
part of the sandbank. It is a siliciclastic population that presents a mode 
that ranges from 0.5 to 1 φ ;see histogƌaŵ of a Figure 111); 
 Population D – represents a secondary population that appears in 
several samples, with significance mainly on the samples located in the 
area dominated by population C. Population D corresponds to a coarse 
tail in the distribution curve (with a mode generally below to 0.5 φͿ aŶd 
presents a terrigenous origin (see histograms of Figure 110b and Figure 
111b). Two samples (B5 and B39) located on the area dominated by 
populatioŶ B also pƌeseŶt this seĐoŶdaƌǇ populatioŶ ;see ͞PopulatioŶ B 
aŶd D͟ aƌea iŶ Figure 112); 
 Population E – represents another secondary population, also mainly 
expressed on the coarse tails of the distribution curves (see histograms 
of Figure 110c, Figure 110b, and Figure 111b), although of biogenic 
origin and less significant than population D. Population E is more 
representative in the samples located in the area dominated by 
population C, although it is also present in other samples, namely the 
samples dominated by population A; 
 Population F – is the dominant population in two samples (see 
histogram of Figure 109b and c) and the secondary in sample B10. It 
corresponds to a terrigenous sand with modal values of 0.5 to 1 φ. This 
population does not fit in a possible conceptual model of the recent 
hydrodynamic conditions, and is probably related to the relic sediments 
that are present in the inner shelf. 
 
The population analysis allowed mapping the major identified populations 
(Figure 112), as well as speculating that the siliciclastic component is probably 
influenced by two main hydrodynamic domains: wave regime which induces the 
littoral drift and the tidal currents. Based on this, the population A and B are probably 
originally from the same sediments, from the inner shelf and the littoral drift, although 
exposed to different energetic conditions, which allowed the slight shift observed on 
the granulometric curves. 
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(a) 
  
(b)  (c) 
Figure 109. Granulometric histograms from (a) sample B20, showing the population A; (b) 
sample B25 showing the presence of the population F; and (c) sample B31, showing the 
mixture between the populations A and F, with a tail mainly represented by population E.  
 
  
(a) (b) 
Figure 110. Granulometric histograms from (a) sample B38, showing population B, and (b) 
sample B39, showing the presence of the populations B, D and E.  
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(a) (b) 
Figure 111. Granulometric histograms from (a) sample B29, showing populations C and E, and 
(b) sample B42, showing the presence of the populations C, D and E.  
 
 
 
Figure 112. Most significant sediment populations identified on the samples collected in the 
study area. The delimitation of the dominant population areas was based on the sample 
analysis and on the sidescan sonar mosaic reflectivity patterns (see Figure 96). The green line 
in the map indicates the sandbank border in February 2012, which is the bathymetric survey 
acquired closest in time, to the sidescan sonar acquisition (December 2011 and January 2012) 
and collection of the sediment samples (March 2012). Coordinate system in UTM Zone 29N, 
datum WGS84. 
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In terms of populations, the inlet sedimentary influence extends to almost 2 km 
southwards, forming a semi-aƌĐ ;see ͞PopulatioŶ C͟ iŶ Figure 112) also noticed on the 
sidescan sonar mosaic shown in Figure 96. Moreover, two samples (B5 and B39) 
located on the area dominated by population B (͞Population B and D͟ in Figure 112) 
also present population D as a secondary population, which may indicate the 
prolongation of the inlet influence, elongating southeastwards the lagoon influence 
semi-arc.  
The sandbank presents the 3 main populations (see Figure 112). In the 
southern part of the bank the population A is dominant, reflecting low energetic 
conditions. The northern part of the bank presents sediments with a dominance of the 
population C, with the presence of the secondary populations D and E, which reveals 
the stronger energy conditions that act in this area. The central area of the sandbank is 
dominated by the population B, reflecting an intermediate condition in terms of 
energy between the northern and the southern part of the bank. These energy 
variations seem to be related to the distance from the inlet, tracing its influence in the 
sandbank and surrounding areas. 
Based on all the data and the analyses carried out in the scope of this study 
made it possible to propose a map with a conceptual model of the different processes 
acting at present in the ͞Baƌƌa de Aǀeiƌo͟ and its adjacent areas, in particular the 
sandbank region, which was the main objective of this study (Figure 113). 
 
 
Figure 113. Map representing a conceptual model of the different acting processes present in 
the ͞Baƌƌa de Aǀeiƌo͟ and the near shore shelf sedimentary dynamics. Coordinate system in 
UTM Zone 29N, datum WGS84. 
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V.6. Conclusions 
 
The eǀolutioŶ of the ͞Baƌƌa de Aǀeiƌo͟ aŶd its adjaĐeŶt aƌea, ĐoŶstaŶtlǇ 
subjected to engineering works, were investigated based on bathymetric, geophysical 
and sedimentological data, with the aim to contribute to a better characterization and 
understanding of the inlet and sandbank evolution and to assess the interplay between 
natural processes and the impacts of engineering works on the morphodynamics of 
the area. The integration of all the results allowed to the following conclusions to be 
drawn for this area: 
(1) Since the Xth century that the Aveiro sandy littoral has always shown a very 
high mutability through time, becoming more stable after the inlet artificial 
opening in 1808, which allowed the socio-economic development of the 
region. The sedimentary balance of the area is the result of the transported 
sediment load (both littoral drift and river discharge), the exposition of the 
coast to storms, storm surges, sea level rise, costal retreat, and the 
anthropogenic actions in the coast, such as hard structures construction 
and dredging operations. The littoral drift that transports the sediment 
coming from the north, mainly from the Douro hydrographic basin, was 
responsible for the existence of the ebb delta in front of the inlet, which 
ǁas defleĐted seaǁaƌds, foƌŵiŶg a ͞C͟-shaped sand accumulation, due 
probably to the offshore directed construction of the jetties that create a 
jet stream southwest directed and the ebb currents, approximately 
perpendicular to the littoral drift, that got stronger as a result of the tidal 
prism increase in the lagoon. 
(2) The formation of the sandbank seems to be related to the remaining south 
part of the ebb delta that started its individualization in 1965/66 due to the 
strong ebb currents that reduced the sediment accumulation trend in front 
of the inlet and the frequent dredging operations of the navigation channel. 
(3) The sandbank permanency and evolution are related to a complex 
interaction of factors, the most important being: (a) the littoral drift that 
seems to represent the main sedimentary source of the sandbank; (b) the 
southwest-directed jet stream related to the littoral drift interaction with 
the north jetty; (c) the ebb currents, whose direction is related to the north 
jetty length and orientation; (d) the energy decrease of the ebb currents 
with the distance to the inlet, revealed by the granulometric variation of the 
surface bank sediments, which allowed the sand accumulation in the bank 
area and/or the removal of the finer sediment in the most energetic parts 
of the bank (northeastern part); (e) the engineering works such as the 
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extension of the north jetty, that re-direct the ebb currents and the jet 
stream, and the dredging operations for navigation channel maintenance. 
(4) The inlet area is responsible for the littoral drift deflection/interruption and 
its area of influence is increasing through time, mainly due to the dredging 
operations and the north jetty extension (Figure 95). According to the 
bathymetric data, the littoral drift is restored downdrift in the second groin 
area (2300 m south of the south jetty head).  This is consistent with the 
calculated r value in section V.2 and also with the results obtained by 
Teixeira (1994) that indicate sand bypass. 
(5) The coastline advance (in the north – S. Jacinto beach) and retreat (in south 
of the inlet – Barra beach) were estimated based on the coastline evolution 
from 1936 to 2014. An annual coastline advance rate of 5.8 m/year was 
estimated for the S. Jacinto beach; in the Barra beach, however, the 
estimated annual retreat ranges from 1.9 to 2.6 m/year. 
(6) The sandbank area and perimeter increased (24% and 15%, respectively) 
from November 2010 to November 2012, although from November 2012 to 
November 2013, a significant reduction in its area and perimeter (24% and 
30%, respectively) was noticed, probably due to the important engineering 
works that took place between December 2011 and December 2013, mainly 
the dredging of the navigation channel that occurred during 2013 and which 
removed the northwestern part of the sandbank. 
(7) The sandbank centroid modifications through time lead to a two main 
sandbank migration episodes (Figure 93): (a) about 150 m northwestwards 
from November 2010 to June 2011, associated mainly to the bank 
expansion northwestwards during this period (related to the formation of 
the northern elevation, that shifted the center of mass northwestwards); 
(b) approximately 220 m southwestwards, from November 2012 to 
November 2013, probably related to the southward migration of the 
northern elevation and, most likely, the dredging operations that occurred 
in 2013 and which originated the reduction of the sandbank area and 
volume in its northwestern part.  
(8) From November 2010 to November 2013, the estimated volume of the 
sandbank ranged from 4 to 5 million of m3 of sediment. The most recent 
bathymetric data (November 2013) indicates that the sandbank is 
composed by approximately 4.3 million of m3 of sediment (Table 14). 
(9) The granulometry analysis integrated with the sidescan sonar allowed to 
map the bottom grain size distribution in the study area (Figure 100): the 
inlet and its external proximal adjacent area is composed by coarse and 
Chapter V. “ediŵeŶtaƌǇ dǇŶaŵiĐs of the ͞Baƌƌa de Aǀeiƌo͟ aŶd the outer sandbank 
175 
 
very coarse sand, whereas the medium sand is mainly found in the central 
sandbank area and surrounding the inlet area (i.e. surrounding the coarser 
sediments), and the fine sand, that represents almost 50% of the sampling, 
appears to correspond to the near-shore shelf/littoral sediment without the 
inlet influence. 
(10) The sediment size distribution are very closely related to the local 
energetic conditions (Komar, 1976; Friedman and Sanders, 1978); 
therefore, the study area is divided into 3 main zones according to the local 
hydrodynamic energy: the inlet area and the outer semi-arc of coarse and 
very coarse sand, which represent the most energetic area; an intermediate 
energy area that corresponds mainly to the central part of the sandbank; 
and the remaining area, composed by finer sediment, which corresponds to 
lower energetic conditions. Therefore, the sandbank is subjected to a higher 
energetic condition on its northeastern part, reducing the energy 
southwestwards. 
(11) The inlet area has in general higher energetic conditions, and presents 
the highest energy mainly between the two jetty heads and between the 
central dike and the north jetty, which correspond to constrained areas due 
to the presence of the port structures. Therefore, these areas are nowadays 
͞ŶatuƌallǇ" deep aŶd aƌe ďeĐoŵiŶg deepeƌ though the tiŵe. OŶ the 
contrary, the area located between these deep areas (north of the south 
jetty) corresponds to an enlargement area and therefore the energy 
deĐƌeases leadiŶg to the ͞Ŷatuƌal͟ sediŵeŶt aĐĐuŵulatioŶ. IŶ faĐt, this aƌea 
is frequently dredged in order to maintain the safe navigation in the 
entrance channel. 
(12) The semi-arc configuration corresponding to the most significant 
population of the sediment in the inlet and in its prolongation until the 
northern part of the sandbank (population C - coarser sediment, Figure 113) 
is probably associated to the higher hydrodynamic energetic conditions 
generated by the interaction of different factors: the ebb currents, the 
incoming waves and the littoral drift currents. This is in agreement with 
numerical simulations performed by Plecha et al. (2009) and Rosa et al. 
(2012). 
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The Portuguese coast has been suffering serious erosional problems in the 
recent past, evident from the extreme decrease of the beach width in most of the 
coastal areas. The construction of several hard structures, such as groins, in order to 
attenuate the coastal erosion, interrupts the littoral drift transport and induces 
significant erosional problems downdrift. The beach nourishment has been an option 
to the hard structure construction, since it protects the structures localized near to the 
coast and simultaneously restores and widens the beach recreational area. However, 
this soft structure stabilization implies the extraction and transportation of the 
sediment from one area to the affected area, which is a very expensive process. The 
offshore extraction of sediments from coastal areas has become a common practice in 
many countries and has shown several advantages compared with onshore 
exploitation, since extraction from rivers, estuaries and nearshore sand bars has 
proven to have significant negative environmental and social impacts. Nevertheless, 
offshore extraction creates offshore sandpits which take a significant time to recover 
and have negative impacts, not only in the hydro and morphodynamics of the area, but 
also in affecting the local ecosystems. Several previous studies, such as those 
described in Chapter IV.2, have concentrated on the impacts of these offshore sandpits 
on the coastline; in this work we concentrate on the evolution and recovery time of 
these exploration pits, combining observational and numerical modelling. 
Another issue of great importance for coastal zones and in particular to port 
areas, inlets and estuaries, are offshore sandbanks, such as ebb tidal deltaic systems. It 
is important to understand how these evolve naturally through time, particularly in 
areas of high hydrodynamism, and to understand the impacts on their evolution of 
engineering works in their vicinity. Port inlets, such as the ͞Baƌƌa de Aǀeiƌo͟, aƌe 
subjected to several engineering for inlet stabilization and configuration and for the 
maintenance of the navigation channels, in order to guarantee the secure navigational 
access to the port area. The result is a configuration and morphology of the exterior 
sandbank that is a consequence of the interaction of both the frequent engineering 
construction works and its natural evolution. 
As stated in Chapter I, the main objective of this work was the investigation of 
the morpho-sedimentary dynamics and evolution of the features described above in 
two geographically and hydrodynamically distinct areas. The first case study was the 
Vale do Lobo offshore area where sand exploitation took place in a narrow sandpit for 
artificial beach nourishment. The second case study was the Aveiro inlet and 
nearshore, where dredging operations have been taking place together with jetty 
reconfigurations, both of which have impact on the local hydromorphodynamics and 
the evolution of the exterior sandbank. These two areas were chosen because for both 
cases it was possible to obtain a good coverage of bathymetric and complementary 
data through a significant time span, to allow us to conduct a study well constrained by 
observations. The fact that these two areas are located in very different hydrodynamic 
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contexts makes them even more interesting and complementary. Considering that 
offshore sand and gravel exploitation in sandpits for artificial beach nourishment is 
nowadays a central issue (Santos et al., 2014) and that some of the innovative 
solutions for artificial beach nourishment, suĐh as the ͞saŶd eŶgiŶe͟ involve the 
exploitation of offshore sand for the creation of artificial sandbanks, the two case 
studies investigated in this thesis are highly complementary for the assessment of the 
feasibility and impacts of such solutions.  
The two main questions addressed in this thesis were: 
1. What is the morphodynamic evolution through time of an offshore sandpit site 
after a localized dredging operation in an area with low hydrodynamism such as 
offshore Vale do Lobo? 
2. Hoǁ did the ͞Baƌƌa de Aǀeiƌo͟ aŶd its adjaĐeŶt Ŷeaƌ-shore shelf evolve through 
time in the past decades and how did the port engineering works affect its 
sedimentary dynamics and morphological evolution? 
 
This final chapter presents a summary of the results obtained when trying to 
answer these questions and proposes recommendations for future work in the study 
of effect of the engineering work on the morpho-sedimentary dynamics and evolution 
of these study areas. 
 
 
VI.1. Morphodynamic evolution of a sandpit after localized 
dredging in an area with low hydrodynamism  
 
The Vale do Lobo beach nourishment undertaken in 1998/1999 represented 
one of the first offshore sand extraction in the Algarve, where a total of about 
700 000 m3 of sand were extracted approximately 3.5 km offshore Vale do Lobo, 
between the 15 and 20 m isobaths (referred to ZH), causing shallow dredging 
depressions across a wide area (Teixeira, 2011). In contrast, the sand extraction of 
approximately 340 000 m3 of sediment performed in from March to May 2006 created 
an oval shaped borrow pit, elongated in the NW-SE direction, about 900 m long, 150 m 
wide and 5 m deep, located about 3.5 km offshore Vale do Lobo, between the 16 and 
18 m isobaths (referred to ZH). 
As shown in section IV.5.1, the excavation has been becoming smoother, less 
deep and elongated in the NW-SE direction. In fact, 2.5 years after dredging operation, 
an infill of the deepest area of the sandpit was observed, as well as some sediment 
accumulation mainly on the upper part of the NE flank, resulting on the migration to 
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the SW of the excavation rim. 4 years after the extraction, the results show that the 
trend remains almost the same, with an infill of the deepest area of the pit, which is 
almost 2 m less deep, and some sediment accumulation in the upper part of the flanks 
(mainly in the NE flank). This seaward prograding pattern of the sandpit, the S-SE 
directed wind induced mean currents (Rosa et al., 2011a), and the sediment fluxes 
pattern suggest that the main source of the sediment accumulated on the pit should 
be sand from the N-NW surrounding areas. 
The modelling results, discussed in section IV.5.3 and IV.4.4, indicate that the 
mean flow velocity and the orbital velocity decrease inside the excavation area, which 
results in a decrease of the sediment transport capacity inside the excavation area and, 
as a consequence, the sandpit acts as a trap for the sediment, fostering sediment 
accumulation and the pit recovery through time. The numerical model results also 
suggest that the sandpit refilling process is essentially storm-dependent and, 
therefore, episodic rather than continuous in time. In fact, significant wave height 
greater than 2 m, combined with strong winds, generate currents and wave orbital 
velocities capable of high sediment mobilization. 
The bathymetric analysis results showed that the sandpit has been recovering 
through time at a rate that ranges from 6.5 to 7.2 cm/year. The estimates for the 
sandpit recovery time based on a mean refilling rate points toward a value of 
approximately 22 years for near-full pit refill. However, due to the episodic and storm 
dependent refiling of the sandpit, the calculated estimations proposed in this work use 
the number of stormy days, rather than the total time, which we believe is a more 
robust method. The estimations from this work point to the need of 412 stormy days, 
which corresponds to 38 years for a near-complete sandpit recovery, considering the 
wave data set used by Almeida et al. (2011) as representative of the future wave 
climate. 
The results and methodologies presented in this part of the work hopefully 
contribute to a better understanding of the processes involved in the evolution of the 
sandpit under study and allow a better assessment of its environmental impacts, 
namely by providing more reliable estimates of its recovery time. The approach used is 
of course applicable to other offshore excavation areas and the numerical modeling 
procedure provides a useful management tool to select the most appropriate offshore 
sand borrow or exploitation sites with minimal impacts as concerns recovery times and 
coastal sedimentary balance. 
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VI.2. Sedimentary dynamics and morphological evolution of the 
ǲBarra de Aveiroǳ and the adjacent near-shore shelf  
 
As shown in sections V.3 and V.5.1, the ͞Baƌƌa de Aǀeiƌo͟ aŶd its adjaĐeŶt Ŷeaƌ-
shore shelf area have been subjected to several engineering works through time, 
mainly since 1808 when the artificially open was definitely established, either both for 
the harbor and inlet configuration or and for navigation channels 
opening/maintenance. The present morphology, hydro and sedimentary dynamics, 
aŶd ĐoŶfiguƌatioŶ of the ͞Baƌƌa de Aǀeiƌo͟ aŶd its adjacent area are the result of a 
progressive adjustment and long term evolution as a response to the new 
hydrodynamic conditions induced by the frequent engineering works and the ͞Ŷatuƌal͟ 
evolution. The sedimentary balance of the area is the result of the transported 
sediment load, the exposition of the coast to the storms, the storm surges, the sea 
level rise, and the anthropogenic actions in the coast, such as hard structures 
construction or reconstruction and dredging operations. 
The old bathymetric maps analysed in this work indicate that the littoral drift, 
mainly transporting the sediment coming from the north, was responsible for the 
existence of the ebb delta in front of the inlet. With the seaward extension of the 
jetties and the deepening of the inlet channel, several modifications in the dynamic of 
the inlet and adjacent area occurred: the creation of a jet stream directed southwest, 
an increment of the tidal prism in the lagoon, a strengthening of the ebb currents, and 
a slight rotation from west to southwestwards of the ebb currents, following the north 
jetty orientation. These dynamic changes were probably in the origin of the deflection 
seawards through time observed in the eǆteƌŶal ďaƌ, foƌŵiŶg a ͞C͟-shaped sand 
accumulation. Probably due to the strong ebb currents, that reduced the sediment 
accumulation trend in front of the inlet, and the frequent dredging operations at the 
entrance navigational channel, the external sandbank started its individualization 
around 1965/66 from the ebb delta formed mainly by sediments coming from north. 
The recent monitoring of the sandbank showed that its area and perimeter was 
increasing through time. However, probably due to the important engineering works 
that took place between December 2011 and December 2013, mainly the dredging of 
the navigation channel occurred during 2013 that removed the northwestern part of 
the sandbank, a significant reduction in the sandbank area and perimeter was noticed. 
Concerning the sandbank volume, the recent bathymetric data, allowed the volume 
estimation of the sedimentary structure as ranging from 4 to 5 million of m3 of sand. 
The granulometry analysis carried out, together with the sidescan sonar, 
allowed mapping the bottom grain size distribution, intensely related with the local 
energetic conditions, in the study area. The main results were: 
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 the inlet and in its external proximal adjacent area is composed by 
coarse and very coarse sand, which indicates this area as the most 
energetic; 
 the medium sand is mainly found in the central sandbank area and 
surrounding the inlet area (i.e. surrounding the coarser sediments), that 
corresponds to an intermediate area in terms of energetic conditions; 
 the fine sand represents almost 50% of the sampling and appears to 
correspond to the near-shore shelf/littoral sediment without the inlet 
influence and reflects lower energetic conditions. 
In summary, the results obtained in this thesis indicate that the 
morphodynamic and sedimentary evolution of the Aveiro inlet and its adjacent area 
are governed by a complex interaction of natural and antropogenic factors, of which 
the most important are: 
(a) the wave regime predominantly from northwest; 
(b) the littoral drift southwards is deviated seawards due to the presence of the 
inlet north jetty, creating a jet stream southwest directed. The littoral drift seems to 
represent the main sedimentary source of the sandbank as shown by the similarity of 
the superficial sediment type; 
(c) the ebb currents, which direction is straightly related with the north jetty 
length and orientation. The ebb currents strength had increased in time due to the 
deepening of the inlet channel that lead to an increase of the tidal prims. The ebb 
currents energy is higher between jetties, having a maximum between the two jetty 
heads and between the central dike and the north jetty (confined areas), which leads 
to the ͞Ŷatuƌal͟ deepeŶiŶg of these aƌeas, aŶd deĐƌeases its stƌeŶgth ďetǁeeŶ these 
deeper areas (north of the south jetty) and when it founds the open sea. These areas 
correspond to the decrease of the constraint due to the existence of the port 
stƌuĐtuƌes leadiŶg to the ͞Ŷatuƌal͟ sediŵeŶt aĐĐuŵulatioŶ. The ƌeduĐtioŶ of the 
energetic conditions in the sandbank is noticed by the granulometric variation of the 
surface bank sediments, which allows the sand accumulation in the sandbank area 
and/or the removal of the finer sediment in the most energetic parts of the bank 
(northeastern part). According to the sedimentary and geophysical data, in the inlet 
area the ebb current is southwest directed and seems to be inflected to southeast 
doing a semi-arc due probably to the interaction with two main factors: the 
predominant waves coming from the northwest quadrant which induce the southward 
littoral drift currents, seawards deviated in the inlet area and redirected towards the 
coast south of the inlet (around the second groin); the bathymetric elevation that 
corresponds to the sandbank may act as an obstacle and contribute to this inflexion . 
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(d) the engineering works, such as the extension of the north jetty and the 
dredging operations for navigation channel maintenance, which induce the re-
direction and the strengthening of the ebb currents and the jet stream. 
 
In 2012 (more specifically from December 2011 to December 2012) an 
extension of 200 m of the north jetty was performed and the navigation channel was 
dredged at 13.2 m of depth. Therefore the study area is once again re-adjusting to the 
new hydrodynamic conditions. According to the most important factors that act in the 
study area, it is possible to hypothesize about the morphological response to the new 
conditions. The inlet channel has a tendency to deepen and the deepest area would be 
now closer to the new portion of the north jetty, which, according to Castanho et al. 
(1974) and Dias and Mariano (2011), would increase the tidal prism and probably the 
drag capacity of the Aveiro lagoon. The ebb currents shall probably be stronger and 
slightly inflected southwards and the sandbank should migrate southwards and 
probably also to the west. If no dredging operations were carried out in the inlet area, 
the result would be the sediment accumulation in the navigation channel and probably 
the sandbank would connect again to the submersed sand bar coming from the north 
forming again a ͞C͟ shaped sediŵeŶtaƌǇ stƌuĐtuƌe, although loĐated fuƌtheƌ fƌoŵ the 
coast and dislocated southwards when compared with its position in the past. 
  
 
VI.3. General conclusions 
 
In general, the main objectives of this thesis were attained and the results 
obtained allow a better understanding about the morpho-sedimentary dynamics and 
the evolution of the two studied areas that were subjected to engineering works. 
When a new engineering intervention is performed, a progressive morphological and 
sedimentary adjustment occurs in order to respond to the new hydrodynamic 
conditions induced by these works. The full understanding of these morphological 
adjustments is very important to assess the hydrodynamic changes and the potential 
environmental impacts associated to these works. A deeper knowledge of these 
coastal systems and of the interaction between natural and antropogenic-related 
processes should hopefully lead to a better management of the coastal areas and the 
marine natural resources. 
In order to fully assess the impacts on hydrodynamics and sedimentation 
caused by engineering works dredging operations, sand and gravel extraction and 
offshore constructions, an integrated approach combining bathymetric, geophysical, 
and sedimentary data, for morphodynamic and sedimentological studies, coupled with 
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numerical modeling, when possible, is essential. The use of sidescan sonar methods 
coupled with sediment sampling (ground truthing) and granulometry analysis for 
sidescan sonar data calibration and interpolation, allow obtaining a well constrained 
and realistic superficial sedimentological map of the seafloor. Such studies coupled to 
morphodynamic numerical models, when possible, are a very useful tool for further 
predictions of the morphological impacts of the engineering works in coastal areas, 
being of crucial importance for coastal areas and marine resources protection and 
management. 
The evolution of sandpits have been previously studied by several authors such 
as Bender and Dean (2003), Hitchcock and Bell (2004), Roos (2004), Walstra et al. 
(2005), Diesing et al. (2006), Kubicki et al. (2007) among others (see section IV.2) and 
supported by European and national projects, such as SANPIT - Sand transport and 
morphology of offshore sand mining pits/areas and SANDEX - Sand extraction in the 
portuguese continental shelf: impacts and morphodynamic evolution. In this study we 
focused on the evolution of the Vale do Lobo sandpit that represents, to our 
knowledge, an innovative approach, being the first that combines observations with 
numerical modeling for a sandpit evolution study located in the Portuguese coast. 
The study of the Aveiro inlet and its adjacent sandbank represents also, to our 
knowledge, the first integrated approach on the formation and evolution of this 
external sandbank, combining bathymetric, geophysical, and sedimentary data, for 
morphodynamic and sedimentological studies; it therefore complements the 
pioneering study of this area by Teixeira (1994). In this case, due to time limitations, it 
was not possible to carry out the numerical modelingfor this area and therefore this is 
one of the main objectives for future work. It is well known the importance of the 
sandbanks (see section V.2), that are of considerable economic importance. The banks 
located close to the shore may provide a source for sediment, interacting with that on 
the beaches, and helping to stabilize them (Dyer and Huntley, 1999). Furthermore, 
wave dissipation by and refraction around banks may also be crucial in maintaining the 
form of the coastline and protecting some stretches from erosion in storm events. In 
fact, the limited depth above sandbanks dissipates much energy from waves and storm 
surges, reducing erosion forces on the adjacent coast (Ferreira et al., 1994; Dyer and 
Huntley, 1999). Additionally, they may contain exploitable reserves of sand and gravel, 
corresponding to an important marine sediment source. Sandbanks are also key to 
navigation because they may constitute hazards to shipping (Dyer and Huntley, 1999). 
Consequently, a better understanding of the processes of formation, growth 
and maintenance of the Aveiro sandbank and the research into their behavior and on 
erosion–transport–deposition processes are of great importance. Moreover, an 
understanding of the hydrodynamical context and the present day sediment transport 
regime will allow prediction of short-term change, which is highly relevant for 
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engineering and coastal management work of a social and economically important 
area such as the Aveiro Harbor entrance. 
The study of seabed features such as the Aveiro sandbank and the contribution 
for the understanding of the response of the coast to these shoals can be valuable for 
implementing and improving innovative soft engineering solutions to combat coastal 
erosion such as the ͞sand engine͟ (Stive et al., 2013). This new coastal management 
solution has recently been implemented in the Netherlands (Figure 114), where the 
nourishment is implemented in the form of a large shoal connected to the beach, 
(Stive et al., 2013) rather than a beach nourishment as in the Vale do Lobo example. 
 
 
Figure 114. Aerial photograph taken on September 2011 of the Sand Engine performed in the 
Dutch coast (Stive et al., 2013). 
 
It is hoped that the results and methodologies presented in this work will 
contribute to a better understanding of the processes involved in the evolution of the 
two study areas and allow a better assessment of the environmental impacts of the 
engineering works and how these evolve through time. Furthermore, the results of this 
thesis should also hopefully contribute to a better constrained evaluation and 
implementation of iŶŶoǀatiǀe pƌoposed solutioŶs, suĐh as the ͞saŶd eŶgiŶe͟ desĐƌiďed 
above, as these likely involve offshore sand exploitation and require a good 
understanding of the sandpit and nearshore sandbank morphological evolution. 
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VI.4. Future work  
 
The present work investigated the processes that act in coastal areas and how 
theǇ ͞ŶatuƌallǇ͟ aŶd progressively suffer adjustments in order to respond to changes 
of the hydrodynamic conditions induced by the engineering works to which they are 
frequently subjected. Given the complexity of the involved processes, future work 
should include: 
 Further monitoring of the study areas for a longer time period to allow 
the follow-up of the morphological evolution of the study areas; 
 Reducing the time span between surveys, in order to assess about 
seasonal changes in the study areas; 
 Measurements of hydrodynamic parameters (such as currents with 
ADCPs) in order to better understand the hydrodynamics of the study 
areas and correlate it with the morphological adjustments; 
 Bathymetric surveys that should be carried out using multibeam 
systems with motion sensors and accurate DGPS positioning to ensure 
very accurate estimates of the morphological volume variations; 
 MoƌphodǇŶaŵiĐal ŶuŵeƌiĐal ŵodelliŶg of the ͞Baƌƌa de Aǀeiƌo͟ aŶd 
adjacent area in order to better assess the future evolution of this area, 
in face of the most recent engineering works, mainly the sandbank 
evolution and navigation channel maintenance. The morphodynamical 
numerical modelling could also be used to access the sandbank 
evolution and sedimentation to different wave climates, as performed 
to Vale do Lobo sandpit; 
 The application of other complementary geophysical methodology, such 
as high resolution reflection seismics (Chirp sonar/Sparker), mainly in 
the Aveiro area, to investigate the subsurface sedimentary structure of 
the sandbank, and therefore better understand its formation and 
evolution through a much longer time span. 
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Offshore sand and gravel extraction for aggregates and beach nourishment is an important economic activity and
has been a common practice in various countries worldwide for many years. The evolution of a sandpit, in par-
ticular its migration and rate of replenishment, depends strongly on the type of sediments involved, and on
the physical and hydrodynamic characteristics of the surrounding area. In order to fully assess the associated im-
pacts on local ecosystems and on the neighboring coastline morphology it is essential to make accurate predic-
tions of the excavation recovery times. For this purpose it is fundamental to investigate areas where there is an
adequate observational control of the evolution of the sandpit, prior and after the excavation, to properly cali-
brate existing numerical models with observations and fully evaluate their prediction adequacy. The present
work investigates the evolution of an offshore sandpit located off Vale do Lobo, Algarve, Portugal, within a
time span of four years (2006–2010), based on 4 bathymetric surveys, prior to and after the dredging operations,
complemented with the analysis of wave data and numerical modeling simulations. The bathymetric data were
used to evaluate the morpho-sedimentary evolution and to calculate the sediment volume changes. The results
show an inﬁll of approximately 17% of the initial exploration pit in the ﬁrst 4 years, with an overall smoothing of
the initial excavation bottom topography. Observations combinedwithmodeling results demonstrate that thepit
evolution depends mainly on storm events, since it is essentially during these periods that there is a signiﬁcant
sedimentmovement at the sitewater depth. Based on (1) the predicted number of stormy days for the forthcom-
ing years, assuming that (2) the yearly average of such events in the past 57 years is representative, and consid-
ering (3) a decrease of the sandpit recovery rate in time, predicted bymodels and observations, it was possible to
estimate that the Vale do Lobo sandpit recovery period is of ca. 38 years for its full, or near full, replenishment.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
The offshore extraction of sediments from coastal areas has been a
common practice in many countries for many years, and it has become,
in some places, the main source of aggregates for beach nourishment
and for construction (Cooper et al., 2007; Kubicki et al., 2007). It has
been shown to have several advantages comparedwith onshore exploi-
tation, since extraction from rivers, estuaries and nearshore sand bars
has proven in the past few years to have signiﬁcant negative environ-
mental and social impacts. Nevertheless, offshore sand extraction can
also have negative impacts in the marine environment, not only in the
morphodynamics of the region, but also in the local ecosystems, and
this is often not restricted to the excavation area (Kubicki et al., 2007;
van Rijn and Walstra, 2002; van Rijn et al., 2005).
Themorphology andmorphodynamics of the seabed are strongly af-
fected by the creation of the local depression due to the excavation. The
induced bottommorphology changes will in general inﬂuence the local
ﬂow and the wave ﬁeld and consequently the sand transport rates (van
Rijn and Walstra, 2002). Locally, the sediments from the surrounding
areas tend to move inside the depression. Changes in the wave ﬁeld,
through refraction and, less signiﬁcantly, also through diffraction, can
modify the longshore sediment transport patterns and affect the shore-
linemorphology (Demir et al., 2004). Over longer time scales, the sand-
pit area can migrate towards the shore and may act as a sink for the
sediments from the nearshore system (van Rijn and Walstra, 2002).
The severity and persistence of such impacts depend, among others fac-
tors, on the hydrodynamic conditions, the nature of the substrate, the
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sandpit geometry and its distance to the shore, and the time-scale of the
seabed perturbation (Cooper et al., 2007; Roos et al., 2008). In order to
minimize these effects and nearshore coastal erosion, the mining areas
need to be located offshore of the closure depth.
This work investigates the morpho-sedimentary evolution of an ex-
cavation area, located offshore Vale do Lobo in the Algarve, south of
Portugal (Fig. 1), resulting from the sand exploitation for the nourish-
ment of the Vale do Lobo beach (Gonçalves, 2009). The study is based
on 4 bathymetric surveys, prior to and after the dredging operations
and within a time span of four years (2006–2010), complemented
with the analysis of wave data and numerical morphodynamic model-
ing simulations. Themain aims of this paper are to understand the phys-
ical mechanisms responsible for the sandpit evolution and to estimate
the sandpit recovery time from the observed and predicted ﬁlling rate.
2. Study area
The Vale do Lobo area is located in Loulé, on the southern Portuguese
coast (Fig. 1). This coastal area is characterized by the existence of ame-
dium height (10 to 15 m) active cliff and a narrow beach. The almost
vertical cliff, that extends from Quarteira, in the west, to the Vale do
Garrão area, in the east, is shaped in poorly consolidated red sandstones
from the Plio-Pleistocene (Manupella, 1992). The cliffs in theQuarteira–
Vale do Garrão coast are intercalated by sandy barriers that enclose the
river mouths of the area (Teixeira, 2011).
The main sediment circulation cell offshore Vale do Lobo (Fig. 1) ex-
tends from Albufeira to Faro. The longshore transport is dominant and
mainly wave induced, with a negligible aeolian transport. The cliffs are
the main source of sand that feeds the longshore drift (Dias and Neal,
1992),with a smallﬂuvial direct contribution (Rosa et al., 2013). The an-
nual net transport rate is about 110000 m3/yr directed eastwards
(Teixeira, 2011).
The study area ismainly constituted by lithoclastic coarse sand (CS-1
in Fig. 1). Nearer the shore, the sediments consist in general of
lithoclastic medium sand (grain size between 0.25 and 0.5 mm and
identiﬁed as MS-1 in Fig. 1); further offshore lithoclastic gravelly sand
(grain size higher than 2 mm; gS-1 in Fig. 1) predominates (IH, 1985).
The lithoclastic coarse sand identiﬁed in the excavation area (black
box in Fig. 1) presents a dominant grain size between 0.5 and 2 mm,
with a fraction of sediments with a grain size higher than 2 mm that is
lower than 15%, and it is essentially quartzitic with a low percentage
(b10%) of carbonates (Teixeira, 2011). Based on side scan sonar data
and in situ observations through scuba diving, Teixeira (2011) mapped
the rocky outcrops offshore Vale do Lobo shown in Fig. 1 (R — gray
polygons).
This coastal area has suffered serious erosion problems in the recent
past. The construction of several groins in the Vilamoura area in the 70s
(west of Quarteira; Fig. 1), to attenuate the coastal erosion, has
interrupted the downdrift littoral transport and induced signiﬁcant ero-
sional problems eastwards, increasing the natural coastline retreat trend
for that costal sector. According to Marques (1997), the coastline mean
retreat rate for the Vale do Lobo area has evolved from ~0.55 m/yr, in
the 1974 to 1980 period, to ~1 m/yr between 1983 and 1992.
In order to mitigate the intense coastal erosion felt in this zone, an
artiﬁcial beach nourishment was carried out. The Vale do Lobo beach
nourishment undertaken between October 1998 and January 1999
was the ﬁrst case of an offshore sand extraction in the Algarve, and a
total of approximately 700000 m3 of sand were extracted (Teixeira,
Fig. 1. Bathymetry and superﬁcial sediments in the study area offshoreVale do Lobo, Algarve, Portugal. The red ellipse shows the location of themain excavation area and the black polygon
indicates the area common to all available bathymetric surveys. The bathymetry shown is from the Portuguese Hydrographic Institute (2001 survey, courtesy of the Administration of the
Hydrographic Region of the Algarve— ARH Algarve). The inset in upper right corner shows the location of the study area inmainland Portugal; bathymetry from the GEBCO 2008 (2 miles
spacing) digital bathymetric grid. On top of the bathymetry are represented the superﬁcial sediments in the study area, based on the Hydrographic Institute Map of Superﬁcial Sediments
(IH, 1985), side scan sonar data, in situ observations and manual sampling (60 cm deep) through scuba diving (Teixeira, 2011). The numbers 1 and 2 after the sediment type indicate if it
corresponds to a lithoclastic or lithobioclastic sediment, respectively. Coordinate system in UTM Zone 29N, datumWGS84 and bathymetry referred to the Hydrographic Zero datum (ZH).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
76 D.S. Gonçalves et al. / Coastal Engineering 88 (2014) 75–87
2011). The dredging area was located approximately 3.5 km offshore
Vale do Lobo, between the−15 and−20 m isobaths (referred to the
Hydrographic Zero datum — ZH1) and, according to the information
provided by Regional Hydrographic Administration for the Algarve Re-
gion — ARH Algarve, the dredging method employed in this extraction
caused shallow dredging depressions across a wide area.
In 2006, between March and May, a second artiﬁcial beach nourish-
ment was performed, this time from a more localized offshore sandpit
excavation. Approximately 370000 m3 of sediments were dredged
from the internal continental shelf off Vale do Lobo (Teixeira, 2011), cre-
ating a local depression on the seabed. The borrowpitwas located about
3.5 km offshore Vale do Lobo, between the 16 and 18 m isobaths
(referred to ZH), with the main axis oriented NW–SE, approximately
parallel to the shoreline with the longest side aligned by the bathymet-
ric contours, as represented in Figs. 1 and 2b. The pit generated by the
dredging was small and deep, approximately 900 m long, 150 m wide
and 5 m deep. This study is focused on the analysis of the evolution of
the second excavation, for which an adequate dataset of repetitive
bathymetric surveys covering the same area is available, prior to, and
after the excavation. These datasets allow us to monitor in detail the
sandpit evolution through time. The fact that this is a localized pit,
instead of a widely distributed dredged area, like in the ﬁrst excavation
in 1998, also makes the study of the sand pit evolution better
constrained.
The Vale do Lobo area has amesotidal and semi-diurnal tidal regime.
The mean tidal range is 2 m and the spring-tide range is 3 m. The wave
climate is characterized by prevailing smooth and moderate sea states,
with approximately 90% of the signiﬁcant wave heights (Hs) lower
than 2 m, and 5 to 10% of the wave heights reaching a 2.5 m to 3.5 m
range (Almeida et al., 2011). The storm occurrences from the SW quad-
rant are dominant (70% of storm occurrences), occur mainly during the
winter and are responsible for the highest waves (the typical Hs during
storms, is about 4 m, but it can reach 7 m). SE storms occur when the
Mediterranean easterly winds are strong (30% of storm occurrences),
mainly between October and May, with typical Hs lower than 4 m and
maximum values under 6 m (Almeida et al., 2011). A numerical study
of the hydrodynamics in the area of the sandpit corresponding to the
second dredging was made by Lopes et al. (2009) and Rosa et al.
(2011a,b). According to Lopes et al. (2009), the tide is well polarized,
mainly aligned along theN–S direction, and themaximum tidal currents
can reach 0.15 m/s in the Vale do Lobo area. In the vicinity of the exca-
vation the velocity of the tidal current is lower than 0.05 m/s, even in
spring tides. The mean currents in the area are strongly correlated
with the wind ﬁeld: for calm wind conditions, the velocity intensity is
insigniﬁcant; however during the storms from the SW quadrant, the
wind induces strong currents (~0.2 m/s) southeastwards. The near-
bed wave orbital velocities at the sand pit location are generally low
(b0.1 m/s), excluding during the storm events when they reach maxi-
mum values of 0.5 m/s. The inﬂuence area of the sandpit was accessed
with the numerical model SWAN by propagating representative
waves of the mean and extreme wave climate: the modiﬁcations in
the wave ﬁeld were not perceptible behind the 4 m bathymetric
contour.
3. Data and methods
The datasets used for this work consisted of: (1) 4 bathymetric
dataset surveys acquired prior to and after the 2nd excavation, occurred
in 2006 and (2) wave data from the Faro directional wave buoy, for the
period 2006–2010. The methodology used for each dataset is described
in detail below.
3.1. Bathymetric data
The sandpit area of the 2nd sand extraction, carried out inMay 2006,
was monitored with bathymetric surveys prior to (March 2006) and
after the excavation (May 2006, November 2008 and May 2010). The
bathymetric data used for this work were acquired with single beam
echo sounders, with the exception of the data from May 2010, which
was acquired with a multibeam system. The 4 bathymetric datasets
were inserted into a georeferenced GIS database (ArcGIS) and converted
to UTM coordinates, datumWSG84. The data were ﬁltered with a low-
pass Gaussian ﬁlter to reduce the noise, and interpolated with the
Natural Neighbors (NaN) method (cell size 5 × 5 m2). The bathymetric
surfaces obtained (Fig. 2) were used to calculate the sediment budget in
the excavation pit and surrounding area (the accumulated and eroded
sediments, either due to the extraction or to natural readjustments of
the bottom surface between successive surveys). For that purpose, the
ArcGIS toolsminus and cut/ﬁllwere used. These tools allow the subtrac-
tion of successive bathymetric surfaces, which is essential to understand
the sandpit morphology evolution through time, in particular its migra-
tion and replenishment.
In order to obtain a ﬁrst estimate of the recovery time for the exca-
vation area and test if a variable reﬁlling rate, exponentially decreasing
in time, is applicable to the study area, Eq. (1), which assumes a contin-
uous sediment mobilization in time, was used. In this equation, the re-
maining excavation volume, V, after a period of time, t, is determined
based on the initial excavation volume, V0, and the recovery character-
istic time-scale, τ (time after which the excavation volume is 37% of
the initial volume; Vicente and Uva, 1984; Ramos et al., 2005).
V ¼ V0e
−t=τ
⇔τ ¼
t
ln
V0
V
  : ð1Þ
3.2. Wave Data
In order to characterize the wave climate in the study area during
the period analyzed, the measured three-hourly values of signiﬁcant
wave height (Hs), mean period (T), and mean wave direction (θ)
datasets from Faro directional wave buoy (operated by the Portu-
guese Hydrographic Institute — IH) were used, from 2006 to 2010.
This is a Datawell-Waverider buoy located offshore Faro (36°54′17″
N, 7°53′54″W), at approximately 93 m water depth (ZH). However,
a set of gaps was identiﬁed in the data. The missing data for a time
span of 6 h or less were ﬁlled in by direct interpolation (weighted
mean); for longer gaps (more than 6 h) the data were ﬁlled in
using data from the numerical model WaveWatchIII (Tolman,
2009) forced by wind ﬁelds originating from the Climate Forecast
System Reanalysis (CFSR, Saha et al., 2010) with spatial and temporal
resolutions of 0.3° and 3 h, respectively.
The numericalmodeling ofwaves in the southern coast of Portugal is
very challenging due to the superimposition of two wave regimes. The
former corresponds to a long-period swells generated in the North At-
lantic Ocean and coming from theWSW toWNWwhile the latter corre-
sponds to wind seas coming from the SE and locally called “Levante”
wind. This bi-modal wave regime causes the wave direction and peak
period to jump regularly from one mode to another and this phenome-
non is difﬁcult to capture with a numerical model. A ﬁrst grid of the nu-
merical model WaveWatchIII (Tolman, 2009) is implemented in the
North Atlantic Ocean with a 0.5° resolution, following the conﬁguration
described in Dodet et al. (2010). A second grid is nested in the Gulf of
Cadiz and the SW Portuguese Coast (6–10°W; 31–39°N) with a 0.05°
resolution.
WaveWatchIII results were evaluated against wave measurements at
the Farowave buoy (Fig. 3). This comparison shows ﬁrstly that signiﬁcant
wave heights Hs are well reproduced, with a root mean square
1 The Hydrographic Zero (ZH) is the vertical reference for water level measurements
and corresponds to the level of the lowest astronomical tide.
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discrepancy (RMSD) of 0.26 m, which results in a 25% discrepancy once
normalized by the data.Moreover, the bias inHs is−0.1m,which is in ac-
cordancewith the results of Dodet et al. (2010) that found a negative bias
between 0.10 and 0.30 m considering 6 buoys located in the west and
north coast of the Iberian Peninsula. However, there is a discrepancy ob-
served for signiﬁcantwave heights lower than 1m. Since this problemes-
sentially concerns small waves (Fig. 3c and d), the bias and the RMSD
normalized by the observed data (NRMS) were recalculated for Hs larger
than 1.0 m. This new comparison yields a bias of 0.02 m and a NRMSD of
20%.Wave direction (Fig. 3a and b) and peak periods have a RMSD of 48°
and 2.3 s respectively. Theseweaker scores resultmainly from the regular
jumps between the two modes described above, which are not all cap-
tured by themodel. As described above, this problemessentially concerns
small waves (Fig. 3c and d), then the recalculated RMSD for Hs larger than
1.0 m yields a RMSD of 30° and 1.3 s for wave direction and peak period,
respectively. According to these errors, it can be argued that themodel ac-
curacy is sufﬁcient to produce a continuous time series of wave parame-
ters over 2006–2010 in order to ﬁll the gaps of the Faro buoy
measurements for storm event identiﬁcation purposes. The result was a
complete and unique three-hourly interval dataset covering the whole
period from January 2006 to December 2010.
The 2006–2010 wave dataset was analyzed for two periods of time:
May 2006 toNovember 2008 andDecember 2008 toMay2010; for both
these periods, the duration and frequency of storms were calculated. In
order to classify a data sequence as a storm, the following criteria need
to be satisﬁed (Li et al., 2009; Zhang et al., 2000):
1) The event should consist of at least one sample above the peak
threshold value (Hpeak =mean + 2 standard deviation);
2) The storm continues while the signiﬁcant wave height remains
above the duration threshold value (Hdur = mean + standard
deviation);
3) Two consecutive storms are distinguished if the storm interval is not
shorter than 3 h and if the interval between storm peak and storm
peak is not less than 30 h.
According to Pessanha and Pires (1981), in the Portuguese south
coast a storm is deﬁned as an event with a Hs offshore higher than
3 m. According to Almeida et al. (2011), this corresponds to the mean
Hs plus two times the standard deviation (Hpeak). Therefore, since the
average of the signiﬁcant wave height is close to 1 m (Costa et al.,
2001), the Hpeak used in this work is 3 m and the Hdur considered is
equal to 2 m. After the classiﬁcation of a data sequence as a storm, indi-
vidual storm characteristics were assessed through the calculation of
the Hs minimum, maximum, median and mean, storm duration and
wave mean direction of the individual storm event. The number of
stormy days and the number of storms for the two periods were identi-
ﬁed. According to Almeida et al. (2011), to properly characterize the
variability of storm occurrence in the study area, a high percentile of
Hs 99.8 is required to assess extreme wave height variability of occur-
rence of storms. Therefore, the Hs 99.8 was also estimated for the two
intervals of time.
3.3. Morphodynamic modeling system
In order to better understand the morphodynamic evolution of the
study area in the periods between the 4 bathymetric surveys, and to
determine for which periods there was a more signiﬁcant sediment
movement, a numerical modeling systemwas used. The numerical sim-
ulations of the sediment dynamics and morphological evolution of the
sandpit were performed with the morphodynamic modeling system
MORSYS2D (Bertin et al., 2009; Fortunato and Oliveira, 2004, 2007).
This modeling system integrates the circulation model ELCIRC (Zhang
et al., 2004), the wave propagation model SWAN (Booij et al., 1999)
Fig. 2. Bathymetric bottom surfaces used for this study: (a) March 2006; (b) May 2006; (c) November 2008; and (d) May 2010. Coordinate system in UTM Zone 29N, datumWGS84 and
bathymetry referred to the Hydrographic Zero datum (ZH).
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and the sediment transport and bottom evolution model SAND2D
(Bertin et al., 2009; Fortunato and Oliveira, 2004, 2007), in order to sim-
ulate the non-cohesive sediment dynamics in estuaries, tidal inlets and
coastal areas, driven by tides, wind, river ﬂows and waves. SWAN or
Simulating Waves Nearshore is a numerical wave model that, based
on a Eulerian formulation, computes random and short-crested waves
in coastal regions, by describing the evolution of the two-dimensional
wave energy spectrum in arbitrary conditions of wind, currents, and ba-
thymetry (Booij et al., 1999; Ris et al., 1999). In MORSYS2D, SWAN is
used in a stationary mode to simulate wave propagation and deforma-
tion from the open sea up to coastal zones (Bertin et al., 2009). The
hydrodynamic model ELCIRC is an open-source three-dimensional
baroclinic model that calculates tidal elevations and currents and
wind-induced mean currents by solving the shallow water equations
using a semi-implicit Eulerian–Lagrangian ﬁnite volume and ﬁnite dif-
ferencemethod (Zhang et al., 2004).WithinMORSYS2D a single vertical
layer is used. SAND2D (Bertin et al., 2009; Fortunato and Oliveira, 2004,
2007) computes the sand ﬂuxes in combined current and wave ﬂows,
from three well known semi-empirical formulations (Bijker, 1971;
Ackers and White (1973), see also van de Graaff and van Overeem,
1979; and Soulsby van Rijn, see Soulsby, 1997), and computes the sea
bottom changes through the numerical resolution of the Exner equation
that describes the conservation of mass of the sediment.
For the present work, the numerical model conﬁguration includes
the most representative forcing, such as tides, wind, andwaves, provid-
ed by regionalmodels. The ELCIRCmodelwas forced by a regionalmodel
of tides (Fortunato et al., 2002) and the SWAN spectral wavemodel was
forced offshore by a regional application of theWAVEWATCH III (WW3)
model (Dodet et al., 2010). Concerning wind, WW3was fed by data ob-
tained from the National Centers for Environmental Prediction (NCEP)
and a uniform computational domain was assumed. The wave model
WW3 was validated through the comparison of the model data with
the Faro buoy data (see Section 3.2). For the ELCIRC model, an unstruc-
tured triangular grid with 6710 nodes was used, where the element size
ranges from 1500m offshore to 5 m at the sandpit area. SWANwas run
with 3 nested grids: a larger onewith a spacing of 1000m and an area of
65 × 110 km; an intermediate grid with a spacing of 100 m and an area
of 20 × 42km; and a high resolution grid centered in the sandpit with a
spacing of 20 m and an area of 6 × 10km. The net sediment transport
rates were computed considering a constant median sediment size
Fig. 3. Comparison between wave measurements at the Faro wave buoy and WaveWatchIII modeling results: wave rose diagram for the wave direction and the signiﬁcant wave height
considering the whole dataset (2006–2010) based on (a) Faro buoymeasurements and (b) WaveWatchIII modeling results; Hs relative histogram based on (c) Faro buoy measurements
and (d)WaveWatchIII modeling results; and (e)measured Hs (black line) plotted over numerical modeling results (orange line) for a period of 4 months (November 2008–March 2009).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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(d50) of 0.77 mm, based on granulometry analysis conducted by
Teixeira (2011). Previous applications of the MORSYS2D have shown a
dependence of the morphodynamic numerical solutions on the sedi-
ment transport formulation considered. The results of Bertin et al.
(2009) to a dissipative beach and of Plecha (2011) to a tidal dominated
inlet have shown a better performance of Ackers andWhite formulation
than the Bijker and Soulsby-van Rijn formulations, which estimated
larger transport rates. However, in the present work, the sediment
ﬂuxes are computed in non-breaking wave conditions with rather
small mean currents and Ackers andWhite formulation did not provide
an accurate morphodynamic evolution of the sandpit. Instead, as shown
in Rosa et al. (2011a), Bijker formula provided the best results when
compared with the bathymetric observations for a constant bottom
roughness, Ks equal to 0.1 m.
The MORSYS2D numerical model simulations were used in this
work to assess the morphological changes in the sandpit during two
different time intervals with very contrasting weather and wave
conditions:
- FromMarch 28th to April 29th 2008 (henceforth referred to as April
2008), when two important storm events took place;
- From April 30th to May 31st 2008 (henceforth referred to as May
2008), a period without storm events.
In order to estimate the sandpit morphological variations during
these two time intervals, the bathymetric datasets generated by the nu-
merical model, concerning the dates previously described (March 28th,
April 29th, and May 31st, 2008), were inserted into a georeferenced
GIS database (ArcGIS), converted to UTM coordinates, datum WSG84,
and interpolated using the Natural Neighbors (NaN) method (cell size
5 × 5m). The obtained bathymetric surfaces were used to assess the
sandpit evolution between March 28th and May 31st 2008, using the
ArcGIS toolsMinus and Cut/Fill.
4. Results and discussion
4.1. Sediment balance, sandpit evolution and recovery time
The volumes of sediment accumulation and removal for the area
common to all the available bathymetric surveys (ca. 615 000 m2;
black polygon in Fig. 1), which covers essentially only the main pit
area and its immediate vicinity, were computed (Table 1). This was car-
ried out through the subtraction of the successive bathymetric surfaces
described in Section 3.1. Considering this common area, the extracted
sand volume for the 2006 surveys gave a net value of 285 000 m3,
which corresponds to ca. 77% of the value reported by the contractor
of 370 000 m3 (Teixeira, 2011). However, for this comparison, the full
excavation area should be used. As can be observed in Fig. 2, the 2006
surveys, just prior to and just after the excavation, cover a greater
area, which corresponds to the full area of excavation; the subsequent
surveys cover smaller areas in the vicinity of themain pit area. Calculat-
ing the extracted sand volume for the 2006 surveys for the full excava-
tion area, a net value of 340 000m3was obtained, which corresponds to
ca. 91% of the value reported by the contractor of 370 000 m3 (Teixeira,
2011). Between May 2006 and November 2008 there were no sand ex-
tractions. The observations show for this period an accumulation of
about 58 000 m3 and a sediment removal of approximately 20 000 m3,
resulting in a net positive sedimentary balance of about 38 000 m3. A
similar trend was observed for the period between November 2008 and
May 2010, with an accumulation of about 40 000 m3 and a sediment re-
moval of about 8000 m3, resulting in a positive sedimentary balance
near to 32 000m3 (Table 1). Therefore, assuming that there are no signif-
icant errors in the bathymetric datasets, it is possible to estimate a net ac-
cumulation rate of about 2.85 cm/yr for the study area, during the 4 year
period between May 2006 and May 2010. The sand removed during the
dredging process inMarch 2006 left an oval shape depression on the sea-
bed, referred to above as themain pit area, elongated in theNW–SE direc-
tion (Figs. 4 and 5).
A smoothing of the topography roughness is evident. In general, the
sandpit topography in 2010 became smoother and less deep (about
2 m) than the original topography of May 2006. The analysis of the
bathymetric proﬁles along the pit axis (Fig. 4) shows that 2.5 years
after the excavation (in November 2008), the pitwasﬁlled in its deepest
and central parts and that its slopes were accumulating sedimentmain-
ly on the upper part of the NE ﬂank (red and yellow curves in Fig. 4).
4 years after the extraction (May 2010— green curve in Fig. 4), an inﬁll
of the deepest area of the pit is clearly visible; the ﬂanks are still accu-
mulating sediment, once again,mainly theNE ﬂank (the onshore ﬂank).
Fig. 5 shows the pit edge evolution in time; in this work, a slope
value of 0.5°, higher than the maximum natural slope in the study
area, was used to delimit the pit edge. During the four years after the
dredging, the NE ﬂank showed a displacement of about 15m in average
towards SW, with a maximum displacement of about 20 m. However,
there was an increase in the pit's maximum length along the main
axis, due to sediment loss (see also Fig. 4a), and the excavation became
more elongated in theNW–SE direction (Fig. 5). The shrinking observed
mainly in theNEﬂank, due to sediment accumulation, is causing themi-
gration of this ﬂank southwestwards (see also the transverse proﬁles in
Fig. 4). This migration is also evident from the analysis of the sandpit
centroid (see Fig. 5), which moved about 7.8 m to the SW. The same
trend is shown by the longitudinal axis of the sandpit, which moved
southwestwards about 8.7 m (Fig. 5). The perimeter of the excavation
rim grew around 25%, from about 2000 m in May 2006 to more than
2500 m four years later (Table 2). The same trend was observed for
the area of the pit at the surface, which increased about 10% during
the same four years, from around 162 500 m2 in 2006 to 178 000 m2
in 2010. These results suggest that the sandpit is becoming shallower
and smoother but slightly wider. The sandpit mean slope decreased
18% from May 2006 to November 2008, and 14% from November 2008
to May 2010. The slope variability also decreased during the 4 study-
years. The maximum slope of the pit ﬂanks in all bathymetric surveys
was observed on the NE ﬂank and showed a decrease of about 45%
from May 2006 to November 2008. However, from 2008 to May 2010,
the maximum slope decreased only 7% (Table 2), which suggests that
the side walls suffered more signiﬁcant adjustments in the ﬁrsts
2.5 years following the excavation, while from November 2008 to May
2010, because the sandpit reached a more stable condition, the adjust-
ments were less signiﬁcant.
An estimation of the recovery time for the sandpit between 2006
and 2010 was obtained from Eq. (1) based on the bathymetric data
that encompasses just the main excavation area (red ellipse in Fig. 1);
this gave an estimated value of 22 years. Since this corresponds only
to a 63% inﬁll, the full recovery time will necessarily be longer.
The sandpit reﬁlling rate for the periods between May 2006 and
November 2008, and from November 2008 to May 2010 were also
Table 1
Volumes of sediment accumulation and removal between successive bathymetric surveys in themain pit area, calculated using ArcGIS. Theﬁrst dataset corresponds to a time spanof about
2 months, whereas the others correspond to periods of about 2.5 and 1.5 years, respectively.
Period in consideration March to May 2006 May 2006 to November 2008 November 2009 to May 2010
Sediment accumulation 0 58 000 40 000
Sediment removal 285 000 20 000 8000
Balance −285 000 +38 000 +32 000
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estimated based on the observed bathymetric data. In November 2008,
2.5 years after the extraction, about 22 000 m3 of sediment were accu-
mulated in the sandpit, resulting in a reﬁlling rate of about 6.5 cm/yr
for this period. However, between November 2008 and May 2010, al-
most 17 000 m3 of sediment was accumulated in the excavation area,
corresponding to a recovery rate of about 7.2 cm/yr. According to
these results, the reﬁlling rate in our case study, contrary to what is ex-
pected from Eq. (1) and other authors (Kubicki et al., 2007), is increas-
ing in time. An explanation for this fact is proposed in the following
sections.
4.2. Ocean wave climate between 2006 and 2010
From 2006 to 2010 the Faro buoy wave data show that the wave cli-
mate of the study area was mainly dominated by smooth to moderate
sea states. The signiﬁcant wave height average for this 5-year period
was almost 1 m and the corresponding mean period (T) was 4.8 s. The
wave histogram for these 5 years (Fig. 3c) further shows that almost
70% of the signiﬁcant wave height was lower than 1 m and more
than 95.5% was smaller than 2.5 m. The wave rose diagram (Fig. 3a)
for the 5-year measurements shows that about 73% of the incident
waves were from W–WSW and about 20% from the SE quadrant.
Based on the criteria previously presented for storm classiﬁcation (see
Section 3.2), the storm events that occurred in the study area from
May 2006 to May 2010 were identiﬁed and are described in Table 3
(May 2006–November 2008) and in Table 4 (December 2008–May
2010). For each individual storm event the average, minimum, and
maximum signiﬁcant heights (Hs), were estimated, as well as the
mean period, the mean direction and the storm duration. According to
Tables 3 and 4, the storm events only occurred from October to April.
Furthermore, during these 4 years in study (May 2006 to May 2010),
the winter stormy days (from December 21st to March 21st) represent
more than 70% of the total stormy days, and February was the month
with the higher number of stormy days, almost 35% of the total.
In order to better visualize the information presented in Tables 3 and
4, for each study period (May 2006 to November 2008 and December
2008 to May 2010) the signiﬁcant wave height frequency histograms
(Fig. 6c and d) and a wave rose diagram for the mean wave direction
and the signiﬁcant wave height (Fig. 6a and b) are shown. From May
2006 to November 2008, during the identiﬁed storm events more
than 71% of the signiﬁcant wave heights were higher than 2.5 m and
about 40% were higher than 3 m. For the storm events identiﬁed from
December 2008 to May 2010, more than 71% of the signiﬁcant waves
were higher than 2.5 m and 40.5% higher than 3 m. For the ﬁrst period
and according to Table 3, the storm events occurred mainly during the
winter and February was the month with more stormy days (almost
37% of the total stormy days). The longest storm that occurred during
this period took place in February 2008 with 5.6 stormy days; however,
the highestHsmaximum(5.35m) andHsmean (3.84m)were observed
in the storm that took place in April 2008. For the second study period
(December 2008 to May 2010; see Table 4), the storm events occurred
almost all during the winter and February was again the month with
more storms and more stormy days, corresponding to more than 47%
of the total stormy days in this period. December had also a signiﬁcant
number of stormy days (almost 30%). Within this period, the storm
with the highest signiﬁcant wave height occurred in January 2010,
with 5.15 m of Hs maximum and a Hs mean of 3.24 m. However, and
once again, this storm was not the longest storm, which took place in
December 2009, with almost 6.3 stormy days. From May 2006 to
November 2008, the wave rose diagram (Fig. 6a) shows that, during
Fig. 4. Bathymetric proﬁles in the pit-area. (a) Longitudinal proﬁle along themain pit axis; (b) transversal proﬁle to themain pit axis in the central part of the pit; (c) transversal proﬁle to
themain pit axis in theNWpart of the pit; (d) transversal proﬁle to themain pit axis in the SE part of the pit. Bathymetry referred to theHydrographic Zero datum (ZH). (For interpretation
of the references to color in this ﬁgure, the reader is referred to the web version of this article.)
Fig. 5. Pit-area rim evolution through the time:May 2006, November 2008 andMay 2010.
Coordinate system in UTM Zone 29N, datumWGS84.
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the storm events, the SE–ESE incident waves had a signiﬁcant contribution
(almost 40%), when compared with the period from December 2008 to
May2010 (Fig. 6b),where the SE–ESE componentwas signiﬁcantly smaller
(about 10%). In both periods the incident waves fromWSW–SW are the
most representative during the storm occurrences, and correspond to al-
most 55% in the ﬁrst study period and 85% in the second.
From May 2006 to November 2008 (Table 5) thirteen storms were
identiﬁed, in a total of 30.6 stormydays. Concerning these storm events,
the average signiﬁcant wave height was 2.9 m and the Hs for 99.8 per-
centile was estimated at 5.2 m. The average of the wave period was
6.3 s. For the other study period between December 2008 and May
2010 (Table 5), seventeen identiﬁed storms had a total duration of
41.4 days, with an average signiﬁcant wave height of 3.0 m, a Hs99.8 of
5.3 m, and a mean wave period of 7.1 s. Therefore, the period from
December 2008 to May 2010 (Table 5), although shorter, presented a
larger number of storm events and stormy days than the precedent
study period (2006–2008). Moreover, the Hs for the 99.8 percentile,
which according to Almeida et al. (2011) properly characterizes the var-
iability of storm occurrence in the study area, is higher in the second
study period than in the ﬁrst 2.5 years after the sand extraction.
4.3. Inﬂuence of storm events on sediment mobilization
Rosa et al. (2011a,b) computed the total (wave and mean current)
sediment ﬂuxes at the sandpit site for the month of April 2008 from
two well-known formulations — Bijker (Bijker, 1971) and Soulsby-van
Rijn (Soulsby, 1997), and showed that the sediment ﬂuxes are different
from zerowhen the signiﬁcantwave height exceeds 2m (Fig. 7). Only in
this case, the near bed wave orbital velocity exceeds the critical value
and is capable of mobilizing the bottom sediments promoting, in con-
junction with the wind induced mean current, signiﬁcant changes in
the sandpit morphology.
In order to further verify the effect of the signiﬁcant wave height in
the sandpit morphological variations, two different time intervals with
very unlike weather and wave conditions were selected: March 28th
to April 29th and April 30th to May 31st, 2008 (see Section 3.3.). As
shown in Fig. 7a, on April 2008 two very important storm events oc-
curred, identiﬁed as S12 and S13 in Table 3. The ﬁrst storm (S12) was
felt during almost 4 days (90 h), with the predominant incident waves
from SW–WSW, a signiﬁcant wave height mean of 3.84 m, and a maxi-
mum signiﬁcant wave height of 5.35 m felt on April 10th. The second
storm (S13) had a maximum signiﬁcant wave height of 3.15 m on
April 19th, was felt during almost 3 days (69 h), the incident waves
come from WSW–SW, and had a mean signiﬁcant wave height of
2.58 m. In contrast, throughout May 2008 the signiﬁcant wave height
was always lower than 1.54 m with an average value of 0.78 m for the
whole period, which corresponds to a low energy sea state.
The comparison between two outputmodels interpolated bathyme-
tries (Fig. 8a), before (March 28th) and after (April 29th) the two im-
portant storm events, shows areas with a signiﬁcant accretion, mainly
in the deepest part and in the north ﬂank of the sandpit, or erosion, in
the south ﬂank. A similar analysis carried out for May 2008 (Fig. 8b)
shows that almost no bathymetric changes occurred during this time
period in the sandpit. Modeling results for the time period between
2006 and 2008 that illustrate this point are depicted in the auxiliary an-
imated ﬁgure included in the online version of this paper.
The volume calculations conﬁrm that an important quantity of sedi-
ment was mobilized during April 2008 within the excavation and sur-
rounding areas, recovering the sandpit in about 14% of its initial
excavation volume; in contrast, a similar estimation for May 2008,
shows that the sandpit evolution in this month is almost null (about
0.3% of the initial excavation volume). These results therefore corroborate
the idea that high signiﬁcant wave height, such as those observed during
a storm, play a very important role in the sandpitmorphological evolution
and recovery. Furthermore, the numerical results suggest that sedimenta-
tion inside the sandpit is episodic rather than continuous in time. This fact,
plus the increasing number of stormy days observed during the period
between December 2008 and May 2010, can explain why, against theo-
retical expectations (e.g. Kubicki et al., 2007), the sandpit ﬁlling rate esti-
mated from the bathymetric data increased from 6.4 cm/yr, in the ﬁrst
period between May 2006 and November 2008, to 7.2 cm/yr, in the
second period between December 2008 and May 2010.
Based on the previous results, we can estimate that on average, the
sandpit recovers 0.24% for every stormy day. Therefore, for a complete
sandpit replenishment, about 350 stormy days are required. Almeida
et al. (2011) combined measured and modeled wave data, creating a
single dataset covering the period of January 1952 to December 2009.
According to these data, an average of 11 stormy days per year was es-
timated. Considering this average number of stormy days per year rep-
resentative of the future wave climate and the 350 stormy days
required for a full sandpit recovery, then 32 years are needed for the
complete sandpit replenishment. However, a decrease in the reﬁlling
Table 2
Quantitative estimates of the pit extent and maximum slope of the ﬂanks.
Date Pit perimeter (m) Pit area (m2) Maximum slope (°) Mean slope (°) Standard deviation (°)
May 2006 2000 162 500 7.6 1.7 1.4
November 2008 2350 165 500 4.2 1.4 0.9
May 2010 2530 178 000 3.7 1.2 0.8
Table 3
Identiﬁed storm events from May 2006 to November 2008.
Storm event Date (at Hs max) Mean
Hs (m)
Hs min
(m)
Hs max
(m)
Mean T (s) Mean direction Duration
(d hh)
S1 18 Oct 2006 2.49 2.02 3.30 6.16 WSW 1 03
S2 26 Oct 2006 2.93 2.01 4.03 6.66 WSW 1 03
S3 24 Nov 2006 3.27 2.25 4.19 6.77 WSW 2 12
S4 16 Feb 2007 2.36 2.04 3.12 5.91 SW 1 15
S5 20 Nov 2007 2.54 2.05 3.22 6.16 SW 1 09
S6 19 Dec 2007 3.45 2.20 5.26 6.05 SSE 3 09
S7 03 Jan 2008 2.67 2.02 4.41 7.12 WSW 2 06
S8 13 Feb 2008 2.87 2.02 3.71 5.77 SE 5 15
S9 17 Feb 2008 2.95 2.04 4.31 5.76 SE 2 06
S10 23 Feb 2008 3.04 2.19 4.13 5.76 SE 2 00
S11 05 Mar 2008 2.52 2.01 3.05 5.91 E 0 12
S12 10 April 2008 3.84 2.20 5.35 8.67 SW 3 18
S13 19 April 2008 2.58 2.01 3.15 5.62 WSW 2 21
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rate in time, as stated in Eq. (1), is probably a more suitable model, if t
now represents the number of stormy days. According to this for a
near-full (63%) sandpit recovery, about 412 stormy days are needed,
what corresponds, considering the same average of 11 stormy days/yr
(Almeida et al., 2011) used previously, to 38 years.
4.4. Physical processes controlling the sandpit evolution
To better understand the sandpit evolution, a study of the sediment
dynamics was made based on the computed sediment ﬂuxes with the
Bijker formulation and encompassing the S12 storm. Fig. 9 shows the
Table 4
Identiﬁed storm events from December 2008 to May 2010.
Storm event Date (at Hs max) Mean
Hs (m)
Hs min
(m)
Hs max
(m)
Mean T (s) Mean direction Duration
(d hh)
S14 01 Feb 2009 2.91 2.02 4.70 6.69 SW 3 15
S15 05 Feb 2009 2.63 2.02 3.20 6.40 WSW 3 00
S16 17 Mar 2009 3.01 2.16 3.82 5.94 SE 2 12
S17 19 Dec 2009 3.17 2.21 4.06 6.86 SW 1 06
S18 23 Dec 2009 3.56 2.12 4.98 7.65 SW 6 06
S19 31 Dec 2009 3.47 2.06 5.00 7.40 WSW 4 12
S20 04 Jan 2010 3.24 2.10 5.15 8.86 WSW 2 12
S21 11 Jan 2010 2.97 2.16 3.82 7.90 WSW 1 03
S22 12 Jan 2010 2.65 2.08 3.24 5.74 SW 0 12
S23 14 Jan 2010 2.70 2.12 3.70 8.07 WSW 1 06
S24 28 Jan 2010 2.77 2.03 3.19 5.32 ESE 0 06
S25 16 Feb 2010 3.22 2.10 4.26 6.74 SW 3 03
S26 21 Feb 2010 3.01 2.05 3.97 6.58 SW 3 21
S27 27 Feb 2010 3.04 2.10 4.63 8.84 WSW 2 03
S28 03 Mar 2010 3.29 2.05 4.80 8.47 SW 2 09
S29 09 Mar 2010 2.64 2.10 3.12 7.69 WSW 0 12
S30 16 April 2010 2.67 2.24 3.75 6.00 S 2 15
Fig. 6. Signiﬁcant wave height and wave direction: wave rose diagram for the wave direction and the signiﬁcant wave height for the identiﬁed storm events (a) from May 2006 to
November 2008 and (b) from December 2008 to May 2010; and Hs relative histogram for the identiﬁed storm events (c) from May 2006 to November 2008 and (d) from December
2008 to May 2010.
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magnitude and direction of the mean sediment ﬂuxes between the 9th
and the 14th of April, 2008 in the vicinity of the sandpit. Themagnitude
of the sediment ﬂuxes is well related with the water depth showing
higher values in the shallower zones (see Figs. 1 and 2, for the bathy-
metric contours). Inside the pit the magnitude of the ﬂux has a mini-
mum, explaining a decrease in the sediment transport capacity and pit
inﬁll over time. This arises from a decrease of the magnitude of the or-
bital velocity and mean current inside the sandpit. Lopes et al. (2009)
have run SWAN for an extreme wave condition (Hs = 6 m; WSW and
T=16 s), which is similar to themaximumwave height registered dur-
ing the period in analysis, and showed that the amplitude of the wave
orbital velocity inside the sandpit decreases 15%. Moreover, a consider-
able attenuation of the orbital velocity was also observed on the lee side
of the sandpit arising from energy dispersion, which can justify the
lower values of sediment transport at the east–north end of the
excavation.
Concerning the sediment ﬂux direction, they follow the pattern of
the mean wind induced currents (see Rosa et al., 2011a): the ﬂuxes
are mainly oriented from the NW to SE, along the sandpit longitudinal
axis, responding to the southwesterly strong winds, and inﬂect at the
NE sandpit ﬂank to the south direction. The sediment ﬂuxes ﬁeld in
Fig. 9 is representative of the conditions that the sandpit is subject
Table 5
Comparison between the two intervals of time, fromMay 2006 toNovember 2008 and fromDecember 2008 toMay 2010, showing the number of storms, total duration of the storm event
(days), Hs (mean, maximum, minimum and Hs99.8), mean period, mean direction and the sedimentation rate previously estimated from the bathymetric data.
Interval of time Time
(yr)
Number of storms Stormy days/yr Hs mean
(m)
Hs max
(m)
Hs min
(m)
Hs99.8 mean T
(s)
Sed. rate
(cm/yr)
May 2006 to Nov. 2008 2.5 13 12.3 3.0 5.35 2.0 5.3 6.4 6.5
Dec. 2008 to May 2010 1.5 17 27.6 3.1 5.15 2.0 5.0 7.2 7.2
Fig. 7. (a)Measured signiﬁcantwave height (black line) betweenMarch 28th andMay 31th 2008. The dashed red and green lines represent, respectively, theHpeak and theHduration used to
identify the storm events. (b) Computed signiﬁcant wave height—m (orange line) and sedimentary ﬂuxes for Bijker—m3/m (black dot line) and Soulsby-van Rijn—m3/m (green line)
formulations for a point inside the sandpit, in theperiod betweenMarch 28th andApril 29th 2008. The gray shadows inboth graphics represent the storms S12 and S13 based onmeasured
signiﬁcant wave height. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Adapted from Rosa et al. (2011b).
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when it is morphodynamically active. Although we employed a fully
coupled 2DH modeling system, the water depth where the sandpit lies
implies thatwave-induced currents are negligible and thereby, wave ef-
fects are mostly restricted to sediment stirring. For signiﬁcant wave
heights higher than 2 m, the wave direction is mainly from WSW–SW
(55–85%, as depicted in Fig. 6) and in 65% of the cases thewinddirection
is from SW (Rosa and Silva, personal communication, 2012). Therefore,
the patterns of the evolution of the sandpit behavior suggested in Fig. 9,
namely the pit inﬁll and its migration, can be extrapolated for the over-
all period in the study.
5. Conclusions
The evolution of a sandpit offshore Vale do Lobo, Portugal, resulting
from the sand extraction performed in 2006 for beach nourishment pur-
poses was investigated based on four bathymetric datasets (one before,
March 2006, and three after the sand extraction, May 2006, November
2008, and May 2010), wave data from 2006 to 2010, and numerical
modeling. The integration of the observations and modeling results
led to the following conclusions:
(1) The sand extraction carried out betweenMarch andMay 2006 of
about −340 000 m3 produced a small, deep, and oval shaped
borrow pit, elongated in the NW–SE direction, about 900 m
long, 150 m wide and 5 m deep.
(2) The sandpit represents a depression on the seaﬂoor and there-
fore acts as a trap for the sediment, fostering sediment accumu-
lation and the pit recovery. In fact, the mean ﬂow velocity and
the orbital velocity decrease inside the pit, which results in a de-
crease of the sediment transport capacity inside the excavation
area and, as a consequence, the pit tends to be ﬁlled through
time.
(3) 2.5 years after dredging (in November 2008), an inﬁll of the
deepest area of the sandpit was observed, as well as some sedi-
ment accumulation mainly on the upper part of the NE ﬂank,
resulting on the migration to the SW of the excavation rim. A
Fig. 8. Computed sea bottom variation, in meters, between (a) March 28th and April 29th, and (b) April 29th and May 31st. The cold colors represent sediment removal and the warm
colors indicate sediment accumulation. Bathymetric contours are referent to May 2006 survey. Coordinate system in UTM Zone 29N, datumWGS84. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 9.Magnitude and direction of the sedimentary ﬂuxes (m3/m) for Bijker formulations inside and in the vicinity of the sandpit. MORSYS2D results between 9th and 14 of April 2008.
Coordinate system in UTM Zone 29N, datumWGS84.
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reduction in 45% of themaximum slope of the ﬂanks, as well as a
reduction of almost 18% of the mean slope, was observed during
this period.
(4) 4 years after the extraction (May 2010), the trend remains al-
most the same, with an inﬁll of the deepest area of the pit,
which is almost 2 m less deep, and some sediment accumulation
in the upper part of the ﬂanks (mainly in the NE ﬂank). The to-
pography of the excavation area became smoother, with the sur-
face roughness decreasing through the time. Overall, the sandpit
bathymetry in May 2010 became smoother and less deep than
the original pit shape four years earlier.
(5) Until the last survey (May 2010), the pit recovered almost 17% at
a recovery rate estimated at 6.5 cm/yr until November 2008, and
7.2 cm/yr since then, untilMay 2010. The increasing reﬁlling rate
can be explained by the storm occurrences during these two pe-
riods. The period from December 2008 to May 2010, although
shorter, presented a larger number of stormy days and a higher
Hs99.8 than in the ﬁrst 2.5 years after the extraction.
(6) Thenumericalmodel results suggest that the sandpit reﬁlling pro-
cess is essentially stormdependent and, therefore, episodic rather
than continuous in time. In fact, signiﬁcant wave height greater
than 2 m, combined with strong winds, generate currents and
wave orbital velocities capable of high sediment mobilization.
(7) The perimeter and the area of the pit are growing through the
time. However, this growth is mostly in the NW–SE direction,
resulting in an elongation of the sandpit.
(8) TheNEﬂank of the sandpit ismigrating southwestwards,what re-
sults in a migration in the same direction of the sandpit centroid
and the sandpit longitudinal axis.
(9) The seaward prograding pattern of the sand deposition on the on-
shore ﬂank (NE), the S–SE directed wind induced mean currents
(Rosa et al., 2011a), and the sediment ﬂux pattern suggests that
the main source of the sediment accumulated on the pit should
be sand from the N–NW surrounding areas, meaning that the
pit worked as a drain of these sediments.
(10) The estimates for the sandpit recovery time based on a mean
reﬁlling rate points towards a value of approximately 22 years
for near-full pit reﬁll. However, the calculated estimations using
the number of stormy days, rather than the total time, point to
the need of 412 stormy days, which corresponds to 38 years for
a near-complete sandpit recovery, considering the wave dataset
used by Almeida et al. (2011) as representative of the future
wave climate.
The results and methodology presented in this work contribute to a
better understanding of the processes involved in the evolution of the
sandpit under study and allow a better assessment of its environmental
impacts, namely by providing more reliable estimates of its recovery
time. Further monitoring of the study area for a longer time period, in-
cluding in situ observations of the hydrodynamic parameters and addi-
tional multibeam bathymetric surveys, will allow the follow-up of the
morphological evolution of the sandpit and a better constraining of
themodel parameters. The approach used is applicable to other offshore
excavation areas and the numericalmodeling procedure provides a use-
ful management tool to select the most appropriate offshore sand bor-
row or exploitation sites with minimal impacts as concerns recovery
times and coastal sedimentary balance.
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